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Developing high-energy and high-power density cathode materials for 
next-generation lithium ion batteries (LIB) is important and urgent because of high 
demand of long lasting power sources, such as portable devices, power tools and 
electric vehicles (EVs). In addition to the cathode materials developed in the past 
two decades, a new family of Li-rich layered cathodes has received great interests 
due to their high theoretical and reversible capacities. However, several drawbacks 
still gap them from real applications, for instance first irreversible capacity loss, poor 
rate capability and voltage decay during electrochemical cycling. To conquer these 
critical issues, this study firstly focuses on exploring the mechanisms behind the 
voltage decay which is highly associated with inevitable phase transformation in 
local structure. To solve this issue, a doping strategy taking advantages of cation ions 
is proposed to slow down the progress of this phase transformation. Furthermore, 
inspired by a positive aspect on rate performance as a result of serious 
transformation, several surface modification strategies are proposed to enhance the 
rate capability of the Li-rich layered cathode, which involves a similar phase 
transformation during preparation but only occurs in the particle surface regions. 
Systematic characterizations on crystal structure and solid state chemistry are 
performed to lead to comprehensive understandings on various evolutions of 
corresponding electrochemical behaviors.
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CHAPTER 1. INTRODUCTION AND 
LITERATURE REVIEW 
Generation of renewable energy relying on wind, solar, water, nuclear reaction or 
other sources has been realized by modern technologies and thus benefits everyone’s 
daily life. However, irrespective of whatever means used to produce energy, energy 
storage is always regarded as a significant issue. This presents a great challenge to 
scientists and engineers. Therefore, in recent decades, energy storage devices which 
are based on electrochemical principles, such as battery and supercapacitor, have 
been drawing intensive interests from fundamental research to practical industrial 
applications. Among advanced energy storage conceptions, lithium-ion batteries 
(LIBs) are remarkable systems due to their high energy density, high power density, 
and low gaseous exhaust with considerable reliability [1]. Consequently, LIBs have 
been playing an important role in various application fields such as portable 
electronics and telecommunication equipments. It has even been regarded as a 
serious contender for the next generation of hybrid electric vehicles (HEVs) and 
electric vehicles (EVs) [2]. To meet the demands of new application devices, 
low-cost, safety, environmental-friendship, good gravimetric and volumetric energy 




1.1 Basic Concepts of Rechargeable Li-ion Batteries 
 
Fig. 1.1 Schematic illustration of lithium-ion battery [4].  
A Li-ion battery module always comprises a series of electrochemical cells which 
are linked in series and/or in parallel to provide a required voltage and capacity, i.e. 
electric energy. The key components in the module are the LIB cells. A cell as shown 
in Fig. 1.1 [4] is composed of a positive electrode and a negative electrode that are 
separated by electrolyte consisting of salt solute, solvent and additive. The 
electrolyte is designed to be ion conductive with electron insulated to enable ion 
transfer between two electrodes in it, while electrons flow via an external circuit. In 
addition to these components, separator functions as a safeguard from short-circuit 
once two electrodes contact each other. When a cell is charged, Li ions are extracted 
due to increase in external voltage from a positive host structure, go through 
electrolyte, and are inserted into negative host structure. By then, the two electrodes 








 occurring in the negative 
electrode have the tendency to go through the external circuit which provides energy 
to do work. Meanwhile, Li ions are transferred back through electrolyte to positive 
host structure to meet electrons there in order to maintain electroneutrality in both 
electrodes. Therefore, both cathode and anode materials must be capable of having 
good ionic conductivity and electronic conductivity. Based on such consideration, in 
many cases, high electronically conductive medium like carbon black is required to 
be added, as illustrated in Fig. 1.1 [4]. To hold all components together onto the 
current collector, a binder like Polyvinylidene Fluoride (PVDF) is also added. Thus, 
in Li batteries, electrodes are complex porous electrodes rather than traditional plate  
ones. 
1.2 Literature Review 
1.2.1 Overview of Electrode Materials 
At the very beginning when nobody recognized the reversible 
intercalation/deintercalation process between alkali metal and host structure, primary 
batteries which are disposable are manufactured as power sources. Around 1970s, 
researchers at Stanford [5] firstly discovered that a series of molecules and ions have 
an ability to intercalate into a layered dichalcogenides such as TaS2. Then, Steel and 
Whittingham [6] were the first to suggest fast, reversible Li insertion process into 
TiS2 over the range 0 ≤ x ≤ 1 of LixTiS2. However, they failed in attempting to make 
a TiS2/Li
0




probable to explode. After that, many other layered systems were proposed such as 
V2O5, V6O13, MoO3 and etc. [7-9]. Until 1980s, Goodenough [10] recognized that 
LiCoO2 has a similar layered structure in which Li could be inserted/removed 
electrochemically. From this invention, the first commercial cathode material was 
developed as rechargeable lithium ion batteries. On the other hand, graphite has been 
successfully applied as an anode in commercial batteries since incorporation of 
ethylene carbonate (EC) [11] into electrolyte to assist the formation of a stable 
solid-electrolyte interface (SEI) layer on carbon which prohibits further reduction 
reaction between carbon and electrolyte. Despite a first irreversible capacity loss [12] 
and a poor rate capability, graphite is considered as a nearly perfect material for 
anode, thus further research works are focused on how to improve electrochemical 
properties of cathode materials. 
Since the realization of LiCoO2 as an active material for commercial Li-ion batteries 
in 1990, much efforts have been trying to find alternative cathode materials for 
secondary Li-ion batteries to avoid certain drawbacks in traditional LiCoO2, such as 
toxicity, unsafe at high temperature, high cost and low practical specific capacity. In 
view of framework design, novel materials with spinel (LiM2O4, M = transition 
metal) and olivine (LiMPO4, M = transition metal) structures [13] have been 
proposed. Spinel crystals such as LiMn2O4, have higher operating voltage of about 4 
V and lower cost benefiting from Mn in addition to better safety at wider range of 
temperature, whereas olivine crystals like LiFePO4 exhibit lower cost with 




Nevertheless, based on the assumption of one-electron reaction, the structural 
essence of spinel (LiMn2O4) and olivine (LiFePO4) show inferior theoretical 
capacities of only 148 and 170 mAh·g
-1
, respectively. In comparison, layer structured 
cathode materials possessing formula of LiMO2 (M = transition metal) such as 
LiCoO2 have superior theoretical capacity of about 280 mAh·g
-1
 based on the same 
assumption. This advantage of high specific capacity makes the family of layered 
cathode materials competitive compared to other types of cathodes. 
1.2.2 Cathode Materials Within Spinel Structure 
 
Fig. 1.2 Crystal structure of LiMn2O4. Green tetrahedrons indicate locations of Li 
ions; pink octahedrons indicate locations of Mn ions; red spheres indicate O ions. 
Spinel-like materials, normally in the form of LiMn2O4 have similar structure closely 
related to the layered ones, in which the O ions construct cubic close-packed 
supperlattice, while Li ions occupy the tetrahedral 8d sites, and Mn ions reside in the 
octahedral 16c sites, as illustrated in Fig. 1.2. Because of the 3D lattice framework 
O - layer 
Li - tetrahedral 




and facile mobility of Li, this material offers better rate performance compared to 
that of LiCoO2 [14]. In general, LiMn2O4 exhibits an operating voltage of 4.1 V 
which highly contributes to its energy capability. LiMn2O4 spinel was firstly 
discovered by Thackeray et al. [15], followed by extensively detailed studies because 
it is expected to be used in high-power lithium batteries for electric vehicles [13]. 
However, traditional LiMn2O4 experiences significant capacity fade upon cycling. 
Several mechanisms have been proposed to explain this phenomenon, such as 
Jahn-Teller distortion due to Mn
3+ 
[16], Mn dissolution via side 
reaction 3 2 42 M n M n M n     [17], and cation redistribution of Li with Mn ions 
resulting in phase transition which further causes micro-strain between neighbored 
phases [18]. Jahn-Teller effect was firstly proposed by Arthur Jahn and Edward 
Teller, who proven that non-linear degenerate molecules cannot be stable. For a 
given octahedral complex, the five d orbital are split into two degenerate sets labeled 






). When a molecule possesses a degenerate 
electronic ground state, it will distort (Jahn-Teller effect) to remove the degeneracy 
and form a lower energy system. In case of manganese ions where the valence state 
is lower than 3.5, a strong Jahn-Teller distortion is introduced into the spinel 
structure, reducing the cubic symmetry to tetragonal. A strong elongation of the 




, high spin) causes an increase 
of 16 % in the c/a ratio of the unit cell, which is too large for electrode to maintain 
its crystal integrity on cycling. Taking into account such mechanisms, many 




high voltage Li(Ni0.5Mn1.5)O4 spinel cathode material with a plateau at about 4.75 V 
was designed to suppress the dissolution of Mn and J-T distortion, which is ascribed 
to existence of Mn with an average oxidation state > 3.5 rather than Mn
3+ 
at 
octahedral sites [19, 20]. In addition, it has been reported that the lattice parameter, 
which is associated with the average valence of Mn, is critical for capacity retention. 
In Li-rich Li1+xMn2-xO4, where the average oxidation state of Mn is 3.58 or higher, 
minimizing the dissolution of Mn and the impact of J-T distortion are related to 
Mn
3+ 
[21]. Another strategy to stabilize the structure is through doping, i.e. other 








 in M-substituted LiMxMn2-xO4 to improve 
their properties. As a consequence of such substitutions, the average valence state of 
Mn during cycling can be increased because of the redox contribution from doping 
elements. Consequently, J-T distortion can be suppressed [22, 23]. Recent, research 
interests are focused on the generation of nanostructured materials to enhance 
electrochemical properties, in particular the rate capability [24-26].  Fig. 1.3 [27] 
shows the charge/discharge curves of Li(Ni0.5Mn1.5)O4 spinel with high operating 





Fig. 1.3 Charge and discharge curves: (a) Li(Ni0.5Mn1.5)O4, (b) LiAlxMn2-xO4, (c) 
LiCo1/3Ni1/3Mn1/3O2, (d) LiFePO4, and (e) Li(Li1/3Ti5/3)O4 [27]. 
1.2.3 Cathode Materials Within Olivine Structure 
Discovered about 30 years ago as a fast ion transport of NASICON (sodium 
superionic conductor which has M2(XO4)3 framework), the practical use of such 
structural materials in Li batteries became true only in 1997 [28] by virtue of the 
discovery of olivine LiFePO4. Since then this material has been extensively studied 
due to its low cost, abundant elements (Fe) and environmental-friendliness that could 





Fig. 1.4 Crystal structure of LiFePO4: green spheres indicate Li ions, blue polygons 
indicate FeO6 octahedra; yellow polygons indicate PO4 tetrahedra. 
Other advantages of LiFePO4 are relatively-higher reversible theoretical capacity of 
170 mAh·g
-1
 and very stable during charge and discharge. From crystallographic 
perspective, it has distorted hexagonal close-packed oxygen superlattice, in which 
1/8 of the tetrahedral sites are occupied by phosphorus, whereas 1/2 of the octahedral 
sites being occupied by both Li and Fe ions. LiFePO4 possesses Pnma space group 
[14]. As illustrated in Fig. 1.4, LiO6 octahedra are connected by edge and corner 
shared phosphate tetrahedral, generating a very stable 3D structure. However, pure 
LiFePO4 suffers a significant drawback, i.e. poor conductivity at room temperature 
which needs significant improvement [29]. Ravet et al. firstly showed that a carbon 
coating can significantly improve the electrochemical performance of LiFePO4, 




conductivity was increased from 10
-9 
S/cm of bare ones to 10
-5
 – 10-6 S/cm of 
modified ones [33]. As a result of a proper amount of carbon coating on LiFePO4 
particles and some other strategies, remarkable electrochemical performance could 
be accomplished. For example, 800 cycles with about 120 mAh·g
-1
 at 5 C rate [32] 
and little polarization at a rate as high as 6000 mA·g
-1
 with the help of doping 
elements have been obtained [34]. Even at extremely high discharge current (200C), 
more than 100 mAh·g
-1
 were attained during 18 s using nonstoichiometric type of 
LiFe1-2xP1-xO4-y [35]. 







, which will produce higher operating voltage like 4.1 V of 
LiMnPO4 [36] and 4.8 V of LiCoPO4 [37] compared to 3.4 V of LiFePO4, but none 
of them has yet shown superior electrochemical properties compared to LiFePO4. 
Fluorophosphates are another group of electrode materials under consideration. 
LiVPO4F is one of those firstly reported by Barker et al. [38]. This compound has a 





couple. The operating charge/discharge plateau is determined to be around 4.2 V [40]. 




, a class of 
silicate materials was proposed as promising electrode alternates. Most of the 
silicates are in the form of Li2MSiO4 where M could be transition metals such as Fe, 
Mn and Co. Specifically, Li2FeSiO4 shows a low operating plateau around 2.8 V 
with poor cycling performance [41]. On the other hand, even though Li2MnSiO4 




previous cycles still needs more studies to be done. 
1.2.4 Cathode Materials Within Layered Structure 
1.2.4.1 Conventional LiCoO2, LiNiO2 and LiMnO2 
  (a) (b) 
Fig. 1.5 Models of superstructural LiCoO2: (a) red spheres indicates O ions, green 
octahedrons indicate positions of Li ions, blue octahedrons indicate the positions of 
Co ions; (b) View along the c-axis of (a), the trigonal arrangement of O ions is 
similar with HCP structure where Li and Co are located at the triangular centers 
alternatively. 
LiCoO2 has served as the commercial cathode material with graphite as the anode 
material for Li-ion batteries since 1991, and has dominated more than 90 % of 
worldwide market [27]. Generally, LiCoO2 exhibits several advantages such as high 




) and long cycle life (more than 500 cycles). 
The layered LiCoO2 (O3 form) has rhombohedral-type Bravais lattice which belongs 
to the R-3m space group (α-NaFeO2). This crystal structure consists of close-packed 







residing alternatively at octahedral sites between the O layers [10, 43, 44], as can be 
seen from Figs. 1.5 (a) and (b). With extraction of Li ions when charging, vacancies 
occupy the octahedral sites within the Li-ion planes. Since the delithiation process 
happens in the layered structure of LixCoO2, which means x deceases from 1 to 0, a 
certain extent of phase transformation is likely to occur in local structure as a result 
of achieving lowest free energy. The last phase that exists at the end of delithiation 
process is the CoO2 (O1 form) [43, 44]. 
In general, LiCoO2 suffers from a significant limitation. If charging cut-off voltage is 
set to be higher than 4.2 V, namely, more than 50 % of Li is extracted from structure, 
the layered framework will be unstable leading to drastic phase transformation 
coupled with a lattice distortion from a hexagonal to a monoclinic symmetry, which 
is an irreversible phase transition resulting in capacity loss upon cycling. Because of 
this phenomenon, the practical capacity obtained from stabilized layered LixCoO2 is 
only 140 mAh·g
-1
 which limits its application in high-energy, high-power demands. 
In addition, LiCoO2 also suffers from toxicity, high cost and safety issue. Therefore, 
alternative layered structural materials are constantly being developed. 
Lithium nickel oxide (LiNiO2), which is isostructural with LiCoO2, has not been 
widely commercialized due to its serious cation mixing between Li and Ni as a result 
of similar ion radius, thereby significantly reducing the diffusion coefficient of Li 
and thus power capability. Additionally, low Li contents in structure during 
deintercalation appears to induce instability because of the high oxygen partial 




applications. LiMnO2 is another isostrutural host with LiCoO2 which is recognized 
as a promising cathode material due to low cost Mn and its 
environmental-friendliness. However, removal of 50 % of the Li leads to a phase 
transition from a layered to a spinel structure, involving 25 % of Mn ions 
transferring from transition metal layer into neighboring alkali metal layer and 
remaining octahedral sites, while Li is displaced into adjacent tetrahedral site [45]. 
Such phase transformation incorporated with Jahn-Teller distortion effect reduces the 
structural stability of layered LiMnO2 [46, 47], which limits its cycling performance 
even if a high initial capacity like 190 mAh·g
-1




) could be 
obtained. However, spinel LixMn2O4 (0 ≤ x ≤ 2) which is formed in-situ from 
layered LiMnO2 nanodomains is capable of spontaneously switching between a 
cubic spinel and a tetragonal spinel, leading to a dramatic improvement in capacity 
retention [48]. 
1.2.4.2 Other Derivatives 
LiNi1/2Mn1/2O2 was first reported in 2001 [49]. Due to its high reversible capacity of 
around 200 mAh·g
-1
 (2.5 - 4.5V vs. Li/Li
+
) with little capacity fade upon previous 
cycling (as seen in Fig. 1.6 (a) [49]), this material has attracted much interests to 
develop it [51-53]. LiNi1/2Mn1/2O2 possesses classic α-NaFeO2 (R-3m) symmetry 





which have been confirmed by x-ray adsorption 





                  (a)                                 (b) 
Fig. 1.6 Capacity of LiNi1/2Mn1/2O2 prepared by ion-exchange at different charge and 
discharge conditions: (a) charge and discharge curves of a Li/LiNi1/2Mn1/2O2 cell 
operated at a rate of 0.1 mA·cm
-2 
in voltage range of 2.5 - 4.3 V for 30 cycles [49] 
and (b) discharge curves at various C rates. Cell was charged at C/20 to 4.6 V, held at 
4.6 V for 5 hours and discharge at different rates. 1 C corresponds to 280mA·g
-1
 [50]. 
During charge and discharge process, only Ni ions participate in the redox reaction, 
experiencing reversible change of valence state between 2+ and 4+ in the 
composition range of 0 < x < 1 for Li1-xNi1/2Mn1/2O2. Although the early works on 
LiNiO2 caused a serious cation mixing between Li and Ni resulting in structural 
instability when cycling [54], the existence of tetravalent Mn indeed stabilizes this 
structure without concern of irreversible phase transformation upon 
lithiation/delithiation process [49, 51]. On the other hand, because the Mn is 
tetravalent, Li1-xNi1/2Mn1/2O2 escapes from either spinel-like phase transition or 
Jahn-Teller distortion of Mn
3+
 during charge and discharge [55]. However, since 
there still exists the similar ion radius effect between Li and Ni, there is 8 – 10 % 
cation disorder between 3a and 3b sites leading to poor rate capability in previous 




such as taking advantage of ion-exchange method where Kang et al. [50] have 
succeeded in decreasing the amount of cation mixing to 4.3 %. This ion-exchange 
material remarkably improved rate capability, attaining 183 mAh·g
-1
 at a 6 C rate (1 
C = 280 mA·g
-1
), which is shown in Fig. 1.6 (b) [50]. Schougaard et al. [56] were 
also able to reduce the Ni content in Li layer to 5.6 % by adjusting the composition 
of LiNi0.5+xMn0.5-xO2 which further controlled the charge state of Ni. Besides the 
progress in rate capability, LiNi1/2Mn1/2O2 also benefits in better thermal stability 
compared to LiCoO2 and LiNiO2 [57]. Nevertheless, such LiNi1/2Mn1/2O2 with less 
cation disorder in structure is still difficult to be prepared, in particular at an 
industrial level. 
LiNi1/3Co1/3Mn1/3O2 was also proposed from the same group in 2001 [58]. This type 
of cathode which can be recognized as a complex solid solution from different views, 
such as a mole ratio LiCoO2 : LiNiO2 : LiMnO2 = 1 : 1 : 1 or a ratio LiCoO2 : 
LiNi1/2Mn1/2O2 = 1 : 2 has shown particularly promising electrochemical properties 
and structural stability. Actually, Ni, Co and Mn can be homogeneously 
accommodated in the transition metal layer without phase separation [59]. In other 
words, Ni, Mn ions substitute partial Co ions, i.e. occupying original Co octahedral 
sites sequentially in transition metal layers, forming (Ni1/3Co1/3Mn1/3) O2-type 
superlattice based on triangular lattice of sites, which is illustrated in Figs 1.7 (a) and 
(b). From another point of view, Co substituting partial (Ni0.5Mn0.5) has beneficial 
effect in local ordering arrangement, since it is likely that the trivalent Co will 




Such ordering arrangement makes the cation mixing significantly reduced from 8 – 
10 % in LiNi1/2Mn1/2O2 to 1 – 6 % in LiNi1/3Co1/3Mn1/3O2, which further improves 
its electrochemical performance. LiNi1/3Co1/3Mn1/3O2 has a same α-NaFeO2 layered 
structure as LiNi1/2Mn1/2O2 while the valence states of Ni, Mn and Co is 2+, 4+ and 
3+, respectively [61, 62]. However, based on electron diffraction, X-ray diffraction 
(XRD) and X-ray absorption spectroscopy (XAS) studies, Ohzuku’s group [62] 
suggested the structure to have the space group P-312. 
            
 (a)                                   (b)  
Fig. 1.7 Models of superstructural LiNi1/3Co1/3Mn1/3O2: (a) corners of octahedrons 
indicate O ions; blue spheres indicate Li ions; different color octahedrons indicate 
different transition metal positions; (b) a schematic illustration of crystal with a 
superstructural (Ni1/3Co1/3Mn1/3)O2 layer based on triangular basal net of sites in the 
α-NaFeO2-type structure. 

















reversible capacity without obvious phase transformation in the Li-vacancy arranged 
structure [63]. 
 
Fig. 1.8 Rate-capability tests on a Li/LiCo1/3Ni1/3Mn1/3O2 cell operated at 30°C, 
where the cell was charged at constant current of 0.6 mA cm
−2
, then held at a 





 based on LiCo1/3Ni1/3Mn1/3O2 sample weight), (b) 
12.4 (1600), (c) 6.4 (800), (d) 3.2 (400), (e) 1.6 (200), (f) 0.8 (100), and (g) 0.4 (50) 
[63]. 
 
Fig. 1.9 Performance of Li(Ni1/3Co1/3Mn1/3)O2 cells at the current density 100 mA·g
-1 
cycled to different upper cut-off potentials of 4.2, 4.4 and 4.6 V [64]. 
Due to the complex distribution among three cations in transition metal layers, 





electrochemically preferred LiNi1/3Co1/3Mn1/3O2. However, the traditional 
mechanical mixing techniques are unable to achieve this kind of homogeneity at the 
atomic level [65]. Therefore, a so-called co-precipitation method was introduced by 
many research groups in order to obtain greater homogeneity [65-67]. This 
precursor-prepared method indeed brings excellent electrochemical properties as 
expected, as can be seen from Fig. 1.8 [65]. Moreover, the modified sol-gel method 
to prepare macroporous spherical structure also leads to remarkable increase in 
rate-capability and cycle life, as shown in Fig. 1.9 [64]. Based on this consideration 
on homogeneity, a lot of other synthesis methods have been developed and applied 
for preparation of such kind of materials [66, 68, 69].  
Since side reaction between solid materials and electrolyte is unavoidable, the SEI 
(solid electrolyte interface) always plays a significant role in determining the 
electrochemical properties due to both polarization effect and HF corrosion [70]. In 
consideration of capacity fading upon cycling based on SEI effect, coatings on 
LiNi1/3Co1/3Mn1/3O2 powder particles by different synthesis methods such as carbon 
coating by microwave plasma chemical vapor deposition [71], by chemical solution 
[72] and by slurry spray drying method [73], AlF3 coating by chemical solution [74], 
ZrO2 coating by chemical solution [75, 76], Al(OH)3 coating by chemical solution 
[77], Al2O3 coating by sol-gel method [78, 79] have been developed. Furthermore, a 
core-shell model [80] and ultrathin direct atomic layer coating strategies [81] were 




1.2.5 Cathode Materials Within Two-phase Integrated 
Structure 
1.2.5.1 Origins of Designation and Basic Concepts 
In recent years, Li-rich structural materials are of more interests due mainly to their 
high reversible capacity of more than 250 mAh·g
-1
 at ambient temperature and even 
higher like 300 mAh·g
-1
 at 55 °C [82], both of which were tested under low current 
densities. The strategy of designing such kind of materials is based on an assumption 
of an integrated composite, or solid solution in the form of layered-layered integrated 
232
x)LiMO-(1OM'xLi  or layered-spinel integrated 
4232
OLiMx1M'OxLi ）（  , 
where M’ can be Mn, Cr and Ti, M indicate commonly-used transition metals, and x 
is mass (or mole) ratio between the two compounds [60]. Generally speaking, the 
Mn-involved Li2MnO3-stabilized structures show more advantages than other 
elements since the component Li2MnO3 itself is electrochemical active as the 
cathode material [83]. In most cases, three different forms of chemical formulas have 
been used to describe various understandings on the same material [84], as tabulated 
in Table.1.1. Taking xLi2MnO3·(1-x)LiMO2 as an example, because Li2MnO3 can 
also be written as Li(Li1/3Mn2/3)O2 through dividing the original formula by 1.5. 
Such kind of layered-layered integrated materials may be also comprehended as a 
doping strategy applied to Li(Li1/3Mn2/3)O2, leading to a formula like 
Li(Li1/3-xMn2/3-yMx+y)O2, where M can be transition metals such as Co and Ni. 








widely studied due to its high reversible capacity of more than 200 mAh·g
-1
 without 
Co appearance [85]. 







0.5Li2MnO3·0.5LiNi0.5Mn0.5O2 Li1.5Ni0.25Mn0.75O2.5 Li(Li0.2Ni0.2Mn0.6)O2 
The electrochemical activation mechanism of the component Li2MnO3 is a 
co-extraction of Li and O in the ratio of Li2O from the structure when the charge 
potential is higher than 4.4 V vs. Li
+
/Li [86], while the Mn remains in tetravalent 
oxidation state to maintain structure stability. Since oxygen release is an irreversible 
process, oxygen vacancies form in the framework during the first charge after 4.4 V. 
Therefore, only 1 mol Li is able to return the MnO2 framework which is 
subsequently reversible. In consideration of integrated xLi2MnO3·(1-x)LiMO2, when 
charge potential is lower than 4.4 V vs. Li
+





 works in accompany with Li extraction from local (1-x)LiMO2 regions. 
This first charge/discharge process is illustrated in Fig. 1.10 [60] and the 
corresponding chemical reaction can be written as shown in equations 1.1 - 1.3. 
       
2 3 2 2 3 2
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          2 3 2 2 2 2(1 ) O x M n O (1 ) O + L i Ox L i M n O x M x M x              (1.2) 
           
2 2 2 2






Fig. 1.10 Compositional phase diagram showing the electrochemical reaction 
pathways for a xLi2MnO3·(1-x)LiMO2 material. Processes of 1.1 – 1.3 corresponds 
to the correlated chemical reactions shown in equations 1.1 – 1.3 [60]. 
Li2MnO3-stabilized integrated materials exhibit reasonable stability even when the 
charge cut-off voltage is as high as 4.8 V vs. Li
+
/Li. A higher reversible capacity of 
250 mAh·g
-1
 means nearly 1 mole of Li extraction of every transition metal ion. 
There is no obvious structural change even though it is inevitable in case of LiCoO2 
when charged up to 4.8 V vs. Li
+
/Li. The reason for the high stability of the structure 
is due to the contribution derived from the Li2MnO3 component which also could be 





. As is shown in Fig. 1.11 [60], during the process 
of delithiation, the depletion of octahedral Li ions decreases the extent of framework 
stability, whereas the compensation from the tetrahedral Li ions which are diffused 
from the Mn layers of Li(Li1/3Mn2/3)O2 component indeed sustains the structure 
because of the additional binding energy between tetrahedral Li
+
 and neighboring 
O
2-







magnetic resonance spectroscopy (NMR) [87] and also has been confirmed by 
theoretical calculations [88]. 
 
Fig. 1.11 Schematic illustration of Li2MnO3 region from layered-like to spinel-like 
configuration transition during delithiation process in xLi2MnO3-(1-x)LiMO2 [60]. 
1.2.5.2 Critical Issues and Achieved Improvements 
Although the group of Li-rich cathode materials is easy to achieve high reversible 
capacity, continuous voltage decay during cycling as well as poor rate capability and 
cyclability still gap them from real applications.  
 




The activation process involving Li extraction from Li2MnO3 component is always 
associated with oxygen release from local structure in terms of Li2O [86, 90, 91], 
which apparently leads to instability because of the loss of oxygen from the host 
framework. Obviously, it is a contradiction that less activation of Li2MnO3 will 
result in less capacity but is highly reversible, whereas more activation of Li2MnO3 
provides high capacity but consuming stability. Therefore it is important to 
determine the critical amount of Li2MnO3 to be activated, because Li2MnO3 not only 
provides capacity but also enhances stability. On the other hand, electrochemical 
cycling indicates that a good cyclability could be obtained but the discharge voltages 
may be reducing upon cycling due to phase transformation in local structure [92]. A 
series of changes in discharge curves upon deep cycling can be found from Fig. 1.12 
[89], one of which is the voltage decay that is believed to be associated with spinel 
transformation after initial activation process involving vacancy condensation [93, 
94], migration of transition metals[89, 95] and formation of spinel-domains [89, 96, 
97]. Moreover, the amount of transformation increases gradually with 
extraction/reinsertion of Li.  
To conquer this issue, stabilizing the voltage output and hence remaining energy 
upon cycling is critical before this type of materials can be applied in real 
applications. Nevertheless, to the best of knowledge, only few works have been 
reported to solve this issue because the transformation process is 
thermodynamically-forced which may not be easily avoided [98]. In a recent report, 




template by an acid treatment. After an appropriate annealing process, it formed a 
unique and complex layered-spinel-rocksalt structure containing Li2MnO3, 
LiMn2-xNixO4 and NiO components. This unique structure was proven to be able to 
stabilize against voltage decay by controlling the amount of Ni in Li layers, which 
functions at minimizing the migration of cations during charge/discharge. Thereby, a 
0.5Li2MnO3·0.5LiMn0.5Ni0.5O2 cathode material prepared by this novel approach 
could deliver stable charge/discharge capacities of 245 mAh·g
-1
 without obvious 
voltage decay between 4.4 and 2.5 V, as seen from Fig. 1.13 [99]. This approach 
could be partially understood as a doping strategy by substituting Li with Ni in Li 
layers. 
 
Fig. 1.13 Electrochemical discharge profiles for Li/Li2MnO3_Ni850(C) cell between 
(a) 4.6–2.0 V for 45 cycles and (b) 4.4–2.5 V for an additional∼20 cycles. The 
corresponding dQ/dV plots for the data in (b) are shown in (c) [99]. 
Poor rate capability is another concern. To understand the principles and mechanisms 
governing poor rate capability, some research groups have used advanced techniques 
to explore the mechanisms. Using real time gas analysis, Hong et al. [91] observed 
that the O ions are reversibly involved in the formation of Li2CO3 species through 




capacity. However, such kinetic process during formation and decomposition of 
Li2CO3 may slow down the flow rate of both ions and electrons which could result in 
poor rate capability during cycling. Using high-resolution scanning transmission 
electron microscopy (STEM), Gu et al. [100] discovered that the Ni ions prefer to be 
selectively segregated at the surface facets of Li(Li0.2Ni0.2Mn0.6)O2 particles during 
high temperature synthesis driven by thermodynamic forces. As a result, this 
aggregation causes negative impacts on rate performance of this cathode material 
because the diffusion channels of Li within these terminated planes are almost 
perpendicular to the fast ion-diffusion channels inside the particles. As a matter of 
fact, both of the discoveries mentioned imply that such group of Li-rich 
Mn-contained cathode materials is surface-sensitive in consideration of 
electrochemical properties, of particular rate capability. Therefore, much works have 
been done to improve the properties by using surface modification strategies. For 
instance, Li-Ni-PO4 compound has been proven to be effective as a protection layer 
for high potential range, and at the same time it also contributes to enhancement of 
rate capability because of its excellent feature as Li ion conductor [101, 102].  On 
the other hand, MnOx nano-layer coating has also been applied to this Li-rich system 
to approach higher rate and specific capacity. One of the possible reasons for the 
enhancement could be a spinel-phase formation during a post-annealing process led 
by reintercalation of Li into lowly-crystallized MnOx layers [103, 104]. Additionally, 
modification of surface structure using (NH4)2SO4 was also proposed [105]. Such a 




a capacity of 230 mAh·g-1 has been achieved at a current density of 300 mA·g-1. 
Concerning cyclability, the dissolution of TM ions in high potential range from 
layered structure is always recognized as a main contributor to capacity fade, as 
suggested by Amine [106]. Another surface initiated effect related to capacity fade is 
a phase transformation caused by migration of TM ions, which is driven by 
thermodynamic instability of Li and O vacancies [89, 90, 95]. Because of the above 
reasons, such particle surfaces are easily exposed to internal stress leading to local 
non-crystallization and further micro-cracks on surfaces during cycling [107]. 
Therefore, Al2O3 [108], ZnO coating layers [109] and surface nitridation [110] were 
applied to improve the cycle performance of this Li-rich Mn-based layered cathodes. 
1.3 Present Work on Improving Li-rich Layered Cathodes 
Since Li-rich layered cathode materials have the potential to replace some of current 
cathode materials due to their extraordinarily high energy density, Li-rich layered 
cathode is therefore selected in the present work. Among Li-rich layered family, 
Li(Li0.2Mn0.54Ni0.13Co0.13)O2, which could also be written in the mass ratio form of 
0.55Li2MnO3·0.45LiNi1/3Co1/3Mn1/3O2, exhibits superior electrochemical 
performance in view of 270 mAh·g
-1
 reversible capacity achieved in previous reports 
[94, 111]. Although this type of cathode is able to deliver high reversible capacity, 
the intrinsic poor rate capability, short charge and discharge life in addition to the 
inevitable phase transformation upon electrochemical cycling, are urgent problems 




cathode material, the motivation of the present work is to apply different strategies to 
enhance its rate capability or to address the issue of phase transformation within 
these cathode systems. A doping strategy will be applied to this material and the 
resultant impacts will be discussed in Chapter 3. Additionally, several surface 
modification strategies will also be utilized to enhance the rate capability of Li-rich 
layered cathode Li(Li0.2Mn0.54Ni0.13Co0.13)O2. Graphene involved surface 
modification will be discussed in Chapter 5. Carbon black involved surface 
treatment will be discussed in Chapter 6. A bifunctional carbon coating strategy is 
described in Chapter 7. On the other hand, a novel substitution on Co site in the 
same Li-rich system for the complex issue of voltage decay will be applied and 
systematically discussed in view of the extent of phase transformation in Chapter 4. 
Finally, Chapter 8 concludes this thesis work by drawing contributions, and 




CHAPTER 2. EXPERIMENTAL APPROACH 
2.1 Synthesis Routes 
2.1.1 Hydroxide Based Co-precipitation Method 
The pristine and modified Li(Li0.2Mn0.54Ni0.13Co0.13)O2 cathode materials used in 
chapter 3 was prepared by hydroxide-based co-precipitation method. In a typical 
process, an aqueous solution (100 mL) of metal acetates with a molar ratio of Mn : 
Co : Ni of 0.54 : 0.13 : 0.13 (concentration of metal ions was 0.4 M) was firstly 
prepared. This solution was slowly dripped drop by drop into a continuously stirred 
solution of 2 M LiOH (200 mL) to obtain hydroxide precursor 
Mn0.54Ni0.13Co0.13(OH)1.6, which was segregated using centrifugal machine, followed 
by three times of washing using de-ionized water. This co-precipitation process was 
accomplished at room temperature without control of pH value. After that, the 
precursor was dried in air overnight at 80 °C, after which it was homogeneously ball 
milled (100 rpm) with the required amount of LiOH·H2O (5 % excess) using acetone 
in spherical tank. The mixture was finally calcined at 900
 
°C for 24 h (2 °C /min 
heating rate and cooling down with furnace) to obtain the desired product. 
A detailed description of the synthesis method on Ru-doped 




2.1.2 Spray-dryer Assisted Sol-gel Method 
The pristine Li(Li0.2Mn0.54Ni0.13Co0.13)O2 cathode materials used in chapters 5, 6 and 
7 was prepared using a spray-dryer assisted sol-gel method. In a typical process, an 
aqueous solution (200 mL) containing metal acetates with a molar ratio Mn : Ni : Co 
of 0.54 : 0.13 : 0.13 (concentration of metal ions was 0.32 M) was dripped into a 
continuously stirred solution of 300 mL containing 3 % excess amount of lithium 
acetate and citric acid as chelating agent (same moles as metal ions). The solution 
obtained was then dried using spray dryer machine (YC-015, Shanghai Politech 
Instrument & Equipment Co. Ltd). The as-sprayed precursor was collected and 
further dried overnight at 80 °C prior to final calcination at 800 °C for 15 h, at a 
heating rate of 5 °C·min-1, after which the calcined powders were cooled in air. 
Detailed descriptions of graphene and carbon black surface treatment and carbon 
coating on pristine Li(Li0.2Mn0.54Ni0.13Co0.13)O2 will be demonstrated in chapters 5, 6 
and 7 respectively. 
Additionally, a carbonate based co-precipitation method was used to prepare 
Cr-doped Li(Li0.2Mn0.54Ni0.13Co0.13)O2 cathode materials, and the detailed synthesis 
routes will be discussed in chapter 4. 
2.2 Material Characterizations 
2.2.1 Elemental Analysis 




inductively coupled plasma emission spectrometry (ICP-AES, ICPE 9000 
Shimadzu). The ICP-AES technique is able to determine a trace amount of element 
of particular doped one. 
2.2.2 X-ray Diffraction and Rietveld Refinement 
Powder X-ray diffraction (Shimadzu XRD-6000/7000 Cu-Kα radiation, λ = 1.5418 
Å) was used to characterize the crystal structure of the materials. XRD data were 









 in the 2θ range of 10 - 80o for normal characterization. The Rietveld 
refinement of XRD data was performed using General Structure Analysis System 
(GSAS) software [112]. 
2.2.3 Raman Spectroscopy 
Raman spectroscopy is a surface technique widely used to characterize vibrational, 
rotational and other low-frequency modes in a material. A WITEC CRM200 Raman 
system was applied in the current work. A 532 nm wavelength laser with 25 mW 
power was applied for the measurement. 
2.2.4 Electron Microscopy 
Field emission scanning electron microscope (FESEM) (S-4300 Shimadzu) was used 
for morphological assessment. High resolution transmission electron microscopy 
(HRTEM) characterization was conducted using a 200 kV JEOL 2200FS 




carried out using Oxford INCA Energy EDX System equipped in JEOL-JEM 3010 
TEM. Additionally, line-scan or elemental-mapping STEM-EDS (scanning 
transmission electron microscopy combined with energy dispersive X-ray 
spectroscopy) measurement was performed using a JEOL-JEM 2010F TEM 
operating at 200 kV. 
2.2.5 X-ray Photoelectron Spectroscopy 
Surface solid-state chemistry of particles was investigated by X-ray photoelectron 
spectroscopy (Kratos AXIS Ultra DLD, Kratos Analytical Ltd) with a 
monochromatized Al Kɑ X-ray source (1486.6 eV photons) at a constant dwelling 
time of 100 ms while the binding energy was ranged from -5 to 1100 eV. 
2.2.6 TGA/DSC Characterization 
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 
measurements were carried out in air at a heating rate of 5 °C·min-1 from room 
temperature to 800 °C using Shimadzu DTG-60H and to 500 °C using Shimadzu 
DSC-60, respectively. 
2.3 Characterization of Electrochemical Properties 
2.3.1  Preparation of Positive Electrode and Battery Assembly 
Working electrodes were prepared by doctor-blade method. The electrode slurries 




polyvinylidene fluoride (PVDF) in a weight ratio of 80 : 10 : 10 together with 
n-methyl-2-pyrrolidone (NMP). The slurry was stirred overnight to ensure 
uniformity. After that, the slurry was pasted onto an aluminum foil and dried with a 
typical active material loading of about 2 - 5 mg·cm
-2
. Before assembling the 
batteries, the prepared electrodes were dried in a vacuum oven at 120 ℃ for at least 
12 h. A half battery cell was prepared using the prepared-positive electrode as a 
cathode, pure Li foil as the counter electrode, two pieces of separator (Celgard 2500) 
and a few drops of electrolyte (1 M LiPF6 in EC : DEC = 1 : 1 organic solution).  
2.3.2  Galvanostatic Charge/Discharge Cycling 
Galvanostatic charge and discharge tests were carried out using a Maccor 4304 and a 
Neware BTS-5V1mA station. The charge cut-off voltages were set to be different 
values dependent on testing request, but the discharge cut-off voltages were always 




. 1 C is normally defined as the demand current that is 
needed to charge/discharge the maximum attainable capacity in one hour, which 
corresponds to 250 mA·g
-1
 in the case of Li(Li0.2Mn0.54Ni0.13Co0.13)O2. In addition, 
only CC (constant current without constant voltage) mode was applied for all the 
tests. For a long-term cycling, a low-rate (0.05 C) cycle was performed before 
high-rate cycles because the Li-rich layered cathodes need to be activated at a low 
rate in the first cycle, which is also called forming cycle. Rate capability was 
determined by means of a same charge current which was low enough to ensure 





2.3.3  Cyclic Voltammetry 
Cyclic voltammetry (CV) is a potentiodynamic electrochemical technique widely 
used in battery research and other electrochemical systems. In a typical CV test, a 
linearly-ramping potential (mV·s
-1
) is applied to a battery cell while the current 
response is recorded. In general, the recorded CV curves at a low scan rate are 
helpful to identify redox potentials and polarization effects caused by 
charge/discharge. In the current work, CVs were measured using Solartron 1287 






2.3.4  Electrochemical Impedance Spectroscopy 
To determine the electronic and ionic conductivity of a half battery, electrochemical 
impedance spectroscopy (EIS) studies were conducted using a Solartron 1260+1287 
System plus Z-Plot software. The frequency range was set to be from 100 kHz to 
0.001 Hz at AC voltage amplitude of 5 mV. Before every EIS measurement, all the 
samples were charged or discharged to the same state (same voltage) holding for 
another 5 h to recover the equilibrium state. 
2.3.5  dQ/dV Plots 
Plots of dQ/dV vs. voltage were calculated based on the testing data of 




testing. The peaks in these plots represent the redox reactions occurring in this 




CHAPTER 3. Ru DOPING ON 3a SITE IN 
Li-RICH LAYERED CATHODES 
3.1 Motivation of the Doping Strategy 
As described in Chapter 1, the poor rate capability hinders the Li-rich layered 
cathodes from real applications to meet the demands of electric vehicles. Doping 
strategy is often considered as an effective way to enhance the inherent conductivity 
of cathode especially for materials with spinel and olivine structures [34, 113, 114]. 
Regarding layered materials, despite their considerable intrinsic electronic 
conductivity, doping strategy is often used to improve their thermal and structural 
stability [115, 116]. The poor rate capability of such Li-rich cathode may be related 
to the inferior electronic conductivity in conjunction with Mn
4+
 ions [60]. Part of 
Li2MnO3 component is however likely to transform from layered structure to 
spinel-like region at the end of the first discharge process. The amount of 
transformed component increases significantly upon further extraction/reinsertion of 
Li [117, 118]. In this regard, trace doping may assist the transformed spinel-like 
regions to enhance electron and ion flow in their local phases. Among many possible 
dopants, 4d transition metal Ru has been successfully incorporated into 
spinel-LiNi0.5Mn1.5O4 to drastically enhance its high-rate performance [119, 120]. 
On the other hand, both RuO2 and Li2RuO3 have also been considered as electrode 




advantages, a series of Ru-doped cathode materials with mass ratio formula of 
0.55Li2MnO3·0.45LiNi1/3Co1/3Mn1/3O2 which can also be expressed in a solid 
solution form Li(Li0.2Mn0.54Ni0.13Co0.13)O2 were prepared. The chemical 
compositions were designed as Li(Li0.2-xMn0.54Ni0.13Co0.13-xRux)O2 (x = 0, 0.01, 0.03 
and 0.05). To substitute the Co
3+
 at 3a site, Ru is expected to be tetravalent. 
Therefore, a relatively reduced amount of Li
+
 is desirable to retain electroneutrality 
in the compounds, while a corresponding amount of Li vacancy is generated. 
3.2 Material Preparation 
Table 3.1 Chemical composition results of inductively coupled plasma emission 
spectrometry (ICP) analysis of Li(Li0.2-xMn0.54Ni0.13Co0.13-xRux)O2 materials 
calcinated at 900 ℃ for 24 h. Numbers in brackets indicate designed values. 
Metal ions x=0/(mol) x=0.01/(mol) 
Li 1.190(1.200) 1.250(1.190) 
Mn 0.541(0.540) 0.553(0.540) 
Ni 0.129(0.130) 0.121(0.130) 
Co 0.130(0.130) 0.118(0.120) 
Ru 0(0) 0.009(0.010) 
 
The pristine Li(Li0.2Mn0.54Ni0.13Co0.13)O2 layered oxide was synthesized via a typical 
co-precipitation method. For modified Li(Li0.2-xMn0.54Ni0.13Co0.13-xRux)O2 (x = 0.01, 
0.03, 0.05), a same co-precipitation method was applied, except that the addition of 
ruthenium oxide was mixed with the stoichiometric precursor 
Mn0.54Ni0.13Co0.13-x(OH)y (x = 0.01, 0.03, 0.05; y = 1.58, 1.54, 1.5) and LiOH·H2O 




undoped and doped (x = 0.01) samples, confirming that the as-synthesized materials 
possess the comparable compositions as the designed ones. 
3.3 Crystallographic Characterizations 
 
Fig. 3.1 (a) XRD patterns of Li(Li0.2-xMn0.54Ni0.13Co0.13-xRux)O2 (x=0, 0.01, 0.03 and 
0.05). Insets show typical reflections of (020)M and (110)M belonging to monoclinic 
Li2MnO3 component within the 2θ range of 20-24°, (b) Evolution of lattice constants 
a and c, and Li slab distance as a function of Ru content with respect to 
LiNi1/3Co1/3-zRuzMn1/3O2 component, (c) Lattice constant a, unit cell volume and 
weight fraction vs. x with respect to Li2MnO3 component. Note that 
Li(Li0.2Mn0.54Ni0.13Co0.13-xRux)O2 can also be written in mass ratio form of 
0.55Li2MnO3·0.45LiNi1/3Co1/3-zRuzMn1/3O2. 
As shown in Fig. 3.1 (a), except for all the strong peaks which could be indexed to 
trigonal R-3m symmetry belonging to typical layered structure of LiMO2 (M = Ni, 
Co, Mn), several weak peaks can be seen between 20 and 24
o
. The latter cannot be 
indexed to R-3m symmetry, but are consistent with the cation ordering unit LiMn6 




Li2MnO3 (Li(Li1/3Mn2/3)O2) unit cell. This regular arrangement is due to the 
electronic interactions and charge ordering among Co, Mn and Ni ions [60, 123, 
124]. No obvious impurity phase was observed from Ru-doped 
Li(Li0.2-xMn0.54Ni0.13Co0.13-xRux)O2 (x = 0.01, 0.03, 0.05), providing an evidence that 
partial substitution of Co with Ru has been achieved. Results of refinement of 
Li(Li0.2-xMn0.54Ni0.13Co0.13-xRux)O2 using Rietveld method are shown in Table 3.2. A 
series of good fit between observed and calculated patterns was obtained according 
to the acceptable Rwp factors. 
Table 3.2 Rietveld refinement results for Li(Li0.2-xMn0.54Ni0.13Co0.13-xRux)O2
a
 
 LiNi1/3Co1/3Mn1/3O2 component Li2MnO3 component  
Sample a(nm) c(nm) 
Ru 
occupancy 















x=0 0.2853 1.4239 0 0.1003 43.3 0.4927 0.8511 0.9624 0.3985 56.7 11.52 
x=0.01 0.2866 1.4293 0.0247 0.1017 48.3 0.4979 0.8606 0.9724 0.4113 51.7 14.42 
x=0.03 0.2871 1.4307 0.0721 0.1021 47.1 0.4877 0.8615 0.9727 0.4024 52.9 14.26 
x=0.05 0.2874 1.4326 0.1169 0.1025 44 0.4943 0.8545 0.9645 0.4022 56 16.25 
 
a
 Phase LiNi1/3Co1/3Mn1/3O2, space group R-3m, a=0.2860 nm, c=1.4227 nm; Phase Li2MnO3, space 
group C2/c, a=0.4921 nm, b=0.8526 nm, c=0.9606 nm, β =99.47°. 
To specify variation in crystallographic parameters in response to Ru trace doping, 
lattice constants at different doping levels were determined (Fig. 3.1 (b) and (c)). Fig. 
3.1 (b) reveals the change in lattice constants of the layered LiNi1/3Co1/3Mn1/3O2. For 




Both lattice constants increase continuously with the increase in doping level. When 
Ru dopant reaches 0.05 mole, the lattice constants a and c increase to 2.8742 and 
14.3260 Å respectively. The change in interslab spacing between oxygen layers 
which generates the tetrahedral sites that facilitate the diffusion path of Li is 






















I represent the interslab spacing distances of NiO2 and LiO2 
respectively, Zox is the oxygen position at 6c sites along the c-axis which is taken to 
be 0.2411 [126], and Chex is the numerical value of lattice constant c. As can be seen, 




2.1287, 2.1298 and 2.1326 Å corresponding respectively to x=0, 0.01, 0.03 and 0.05). 
According to results from the first principle calculation from Ceder’s group [102, 
127], the activation energy of Li diffusion from original octahedral sites to interslab 




The energetic barrier of hindering Li diffusion could be weakened apparently by 
increase in Li slab distance, thereafter, improves the ability of Li diffusion upon 
charge and discharge. Hence, it is expected that the electrochemical performance, 
especially rate capability, can be enhanced due to Ru doping. Fig. 3.1 (c) shows a 
dramatic increase in lattice constant c from 9.6239 to 9.7236 Å of Li2MnO3 
accompanied by a change in unit cell volume from 398.50 Å
3
 to 411.25 Å
3 
after 0.01 




0.03, c = 9.7274Å). When Ru doping is above 0.03 mole, the lattice parameter shows 
a little decrease. A moderate change in lattice parameters of Li2MnO3 was observed 
at high Ru doping level, which might be understood by the solid solution mechanism 
at the atomic level of nano-domains for both Li2MnO3 and LiNi1/3Co1/3Mn1/3O2 
components which are successfully integrated into each other [117, 128]. 
Additionally, the mass ratios with respect to different components in response to Ru 
doping were calculated to compare with the originally designed 
0.55Li2MnO3·0.45LiNi1/3Co1/3Mn1/3O2. As shown in Fig. 3.1 (c), the weight fraction 
of Li2MnO3-like component reaches the lowest value (51.7 %) when x = 0.01, which 
could lead to better rate capability since the pure phase of Li2MnO3 has poor rate 
capability [83] while the rate capability of LiNi1/3Co1/3Mn1/3O2 is better [65]. 
Additionally, the large increase in lattice constant and cell volume at the Ru trace 
doping level of x = 0.01 may imply a better electrochemical performance than other 
doping levels. 
Figs. 3.2 (a)-(d) show the typical morphologies and particle sizes of the Ru-doped 
Li(Li0.2-xMn0.54Ni0.13Co0.13-xRux)O2, x = 0, 0.01, 0.03 and 0.05. According to the 
morphologies, all samples possess smooth particle surface and particle size is 
smaller than 500 nm. Closer observation shows that particle size of the powder with 





Fig. 3.2 Scanning electron micrograph of Li(Li0.2Mn0.54Ni0.13Co0.13-xRux)O2: (a) x=0, 
(b) x=0.01, (c) x=0.03 and (d) x=0.05. 
3.4 Electrochemical Properties 
 
Fig. 3.3 Electrochemical cycles of Li(Li0.2Mn0.54Ni0.13Co0.13)O2 charged and 
discharged between 2.0 and 4.8 V at 0.05 C rate: (a) first and second charge and 





Table 3.3 Theoretical charge and discharge capacities of corresponding components 
in 0.55Li2MnO3·0.45LiMO2 (M = Ni1/3Co1/3Mn1/3) based on mass ratio of electrode 

















) 378 126 252 252 126 126 
Observed values(mAh·g
-1
) 330 126 204 273 126 147 
 
Fig. 3.3 (a) shows the first two charge and discharge profiles. During the first charge 





Oxygen loss occurs accompanied by a plateau at about 4.5 V (Eq. 3.4) with Li 




  (3.4). 
In the first discharge process, Li ion first intercalates into MO2 (Eq. 3.5) followed by 








   (3.6). 










                        (3.7), 
where Mm is mole mass of the correlated component, and Z, NA and e represent 
number of electrons involved in the reaction, Avogadro's number and electronic 




and Li2MnO3 components are shown in Table 3.3 to compare with experimental data. 
For the first charge, it is commonly accepted that 4.5 V is the critical potential (Fig. 
3.3 (a)), below which capacity is believed to be attributed to LiMO2, while above 
which is considered to be due to active process of Li2MnO3. For the first discharge, 
3.5 V is set to be the critical voltage [129], above this capacity is contribution from 
LiMO2, below it is due to LiMnO2 which could be the resultant product of Li2MnO3 
after the first cycle (M = Ni1/3Co1/3Mn1/3). The origin of the observed lower charge 
capacity corresponding to Li2MnO3 in the first cycle compared with the calculated 
value might be because Li ions are much easier to be extracted from the Li layers, 
whereas the Li ions remaining in the transition metal layers are more difficult. In 
contrast, the reason for the anomalously higher total discharge capacity than the 
theoretical value is not clear at this moment (Fig. 3.3 (a)). On the other hand, the 
large difference between the initial charge and the second charge profiles indicates 
the distinction on the electrochemical process occurring in local structure.  
To identify and understand the difference in redox reaction potential between the 
first cycle and the following cycles, dQ/dV plots corresponding to the 1st, 2nd, 12th 
and 25th cycles are shown in Fig. 3.3 (b). In the first charge process, a peak is 








CoCo reactions [130] and another one at 4.5 V corresponding to oxygen 
loss with Li extraction ( 2232 MnOO5.0e2Li2MnOLi 

). At the end 
of the first charge process, Mn ions remain at the tetravalent oxidation state. During 




Ni and Co, and the broadened peak below 3.5 V is due to the reduction of Mn from 
tetravalent to a certain state above trivalent (Eq. 3.6) [129]. In the following charge 
states of 2nd, 12th and 25th cycles, the two peaks located at below 3.5 V and above 
3.7 V are respectively due to oxidation of Mn, and Ni and Co. Conversely, in all the 
discharge processes, the peaks below 3.5 V corresponding to reduction in high 




charge and discharge profiles vs. voltage of 
Li(Li0.2-xMn0.54Ni0.13Co0.13-xRux)O2 (x = 0, 0.01, 0.03 and 0.05) at 0.05 C rate. Inset 
shows performance at high rate of 1 C. 
Fig. 3.4 shows the 1
st
 charge and discharge profiles of 
Li(Li0.2-xMn0.54Ni0.13Co0.13-xRux)O2 cathodes. At a low rate of 0.05 C (12.5 mA·g
-1
), 
the modified and the pristine samples show almost the same charge and discharge 
profiles with discharge capacity of 273, 277, 275 and 278 mAh·g
-1
 respectively for x 




of 1 C (250 mA·g
-1
) as shown in the inset is obviously different. The discharge 
capacities are 161, 196, 171 and 153 mAh·g
-1
 respectively for x = 0, 0.01, 0.03 and 
0.05. The reason for the similar charge/discharge behaviors at the low rate of 0.05 C 
is that the charge/discharge current is low enough to allow almost all possible Li ions 
to be inserted/extracted from the local structure. In contrast, the reason for distinct 
discharge behavior at higher current of 250 mA·g
-1
 could be attributed to the increase 
in Li interslab distance upon Ru doping, resulting in lowering activation barrier for 
Li diffusion, and hence more Li reinsertion/extraction from the structures. On the 
other hand, at x = 0.01, Li2MnO3 reaches lowest weight fraction, largest cell volume 
change in addition to particle size variation in response to different levels of Ru 
doping. Fig. 3.4 also shows that Li(Li0.19Mn0.54Ni0.13Co0.12Ru0.01)O2 has longer 
discharge plateau and higher capacity contribution below 3.5 V than other 
compositions which could be related to more significant reduction process of 
tetravalent Mn in this specific structure. 
Fig. 3.5 shows the discharge profiles of four levels doping for 
Li(Li0.2-xMn0.54Ni0.13Co0.13-xRux)O2 electrodes after different cycles to study the 
effects of Ru doping on rate capability. It can be seen that at 2 C rate, 
Li(Li0.19Mn0.54Ni0.13Co0.12Ru0.01)O2 reveals the highest discharge capacities for both 
1st and 200th cycles, and the capacity retention is also significantly improved 
compared to that of the pristine. The electrode modified with 0.03 Ru also shows an 




capacities of the 1st cycle are similar. For the 0.05 Ru doped electrode, the initial 
discharge capacity and cyclability are almost the same as the pristine material. 
 
Fig. 3.5 Discharge profiles of Li(Li0.2-xMn0.54Ni0.13Co0.13-xRux)O2 (x = 0, 0.01, 0.03  
and 0.05) at 2 C rate, corresponding to 1st, 2nd, 50th, 100th and 200th cycles. 
It can also be observed that among the electrodes with four different doping levels, 
Li(Li0.19Mn0.54Ni0.13Co0.12Ru0.01)O2 possesses the highest capacity below 3.5 V with 
significant change in discharge curve after 200 cycles, which implies predominant 
transformation from the original Li2MnO3 phase to spinel-like regions upon cycling. 
This phase transformation phenomenon has also been reported before [103, 118, 
131]. Because the existence of Ru in crystal lattice could enhance the ability of Li 
diffusion, more Li ions are able to be easily extracted from Li layers. Consequently, 
higher extent of phase transformation from layered Li2MnO3 (Li(Li1/3Mn2/3)O2) to 




the reason might be that the Li ions in the transition metal (TM) layers are 
energetically-favored to move into an adjacent tetrahedral sites of the Li layers, only 
when the three face-sharing octahedral Li ions in the Li layers are extracted from this 
local lattice, which means that more Li extraction from Li layers could result in more 
transportation of TM-Li to adjacent tetrahedral sites. Hence more Li ions can be 
extracted from the tetrahedral sites with further charge. Such extended process of Li 
transportation may assist to facilitate more phase transformation from the original 
layered Li(Li1/3Mn2/3)O2 to certain spinel-like phases. As a consequence, capacity 
caused by reinsertion of Li ions into local transformed spinel-like regions during 
discharge will be increased. Another reason for the higher capacity contribution from 
spinel-like regions is that the appropriate amount of Ru (x = 0.01) gives rise to a 
certain impact on transferred spinel-like lattice to enhance Li diffusivity in these 
regions, as proposed by Wang [119]. At the current stage, it is not possible to give 
the exact chemical composition of those spinel-like regions because of their 
structural complexity in addition to the rearrangement of Ni, Co and Mn ions in the 
local regions upon cycling. More works are still in progress to identify the structural 
evolution of spinel-like regions upon cycling in this kind of Li-rich cathode 
materials. 
A comparison of cycling performance between the pristine and the Ru-doped (x = 
0.01) materials is shown in Fig. 3.6. No improvement in cycleability is observed at a 






 with 0.2 % fading per cycle, while for the modified sample, the initial 
discharge capacity is 258 mAh·g
-1
 with 0.3 % fading per cycle. 
 
Fig. 3.6 Cycling performance of Li(Li0.2Mn0.54Ni0.13Co0.13)O2 and 
Li(Li0.19Mn0.54Ni0.13Co0.12Ru0.01)O2 at different rates of 0.2 C and 2 C. Testing mode 
of cycling for inset is 0.05 C for a first cycle followed by 2 C cycles in sequence. 
However, a significant improvement can be identified at a high charge/discharge rate 
of 2 C. The initial discharge capacity of the pristine and modified materials are 
respectively 152 mAh·g
-1
 with 0.26 % fading per cycle and 181 mAh·g
-1
 with only 
0.15 % fading per cycle. The fading mechanism of all samples might be partially 
ascribed to oxide vacancy elimination as well as ion rearrangement to reach their 
stable state. Liu [94], Armstrong [86], and Wu [132] conducted detailed studies to 
understand the phenomenon happened in the local structure upon cycling. The 
Li(Li0.2Mn0.54Ni0.13Co0.13)O2 sample cycled at the rate of 0.05 C shows charge 
capacity of 330 mAh·g
-1
. Assuming that all the charge capacity is due to Li 
extraction from Li(Li0.2Mn0.54Ni0.13Co0.13)O2 without any contribution from oxidation 






. In the first stage of charge as shown in Fig. 3.3 (a), the oxidation of Ni
2+4+ and 
Co
3+3.6+ can provide 0.34 Li
+
, electrochemically expressed by Eq. (3.8): 
+ -
0 .2 0 .5 4 0 .1 3 0 .1 3 2 0 .6 6 0 .2 0 .5 4 0 .1 3 0 .1 3 2
L i[L i M n N i C o ]O L i [L i M n N i C o ]O + 0 .3 4 L i + 0 .3 4 e
                         (3.8). 
The remaining capacity corresponding to 0.71 Li
+
 is due to the irreversible loss of 
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 is vacancy. At the end of the first charge, rearrangement involves a partial 
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Consequently, the ratio between Li vacancies in TM layers and oxygen vacancies 
must be equal to 1 : 2 [132]. Thus, to eliminate two oxygen vacancies
 
from the 
formula LiMO2, one Li vacancy from Li layer and one TM vacancy from TM layer 
should be removed as well. The final defect-free structure can hence be obtained 
with a new composition 0.82Li0.16(Li0.024Mn0.66Ni0.16Co0.16)O2, implying that after 
the first charge process, one mole of Li(Li0.2Mn0.54Ni0.13Co0.13)O2 is transferred to be 
0.82 mole of Li0.16(Li0.024Mn0.66Ni0.16Co0.16)O2. Assuming that only vacancies in the 






corresponding to 0.69 mole of Li
+
 (0.82 * (1 - 0.16) = 0.69) can be achieved in the 
first discharge process. Instead of 216 mAh·g
-1
, however, the measured capacity is as 
high as 273 mAh·g
-1
. Wu et al. [132] proposed that the elimination of oxide ion 
vacancies is not fully accomplished at the end of the first charge. The partial 
elimination could be due to kinetics of ion and vacancy diffusion. According to the 
observed discharge capacity of 273 mAh·g
-1
, 0.87 mole of Li ions will be able to be 
reintercalated into Li layer during the first discharge. Remaining (1 - 0.87) mole Li 
vacancies could be occupied by transported Li ions from TM layers or elimination 
with O vacancies. Since the final lattice structure at the end of the first discharge 
process comprises Li : M : O in the ratio of 1 : 1 : 2 (including remaining oxygen 










from which 0.04 mole of Li migration can be obtained. Therefore, Eq. (3.10) used to 





































Consequently, the electrochemical reaction of the first discharge process should be 































Since incomplete elimination of oxygen vacancies is thermodynamically unstable, 
rearrangements of Li, M and O vacancies generated from subsequent 
charge/discharge cycles take place, leading to gradual elimination during further 
cycling. After complete elimination of oxygen vacancies, a relatively steady capacity 
could be expected. As a matter of fact, observation from experimental data shown in 
Fig. 3.6 strongly supports this assumption. It could therefore be concluded that trace 
doping of Ru in Li(Li0.2Mn0.54Ni0.13Co0.12)O2 does not have any impact on vacancy 
elimination resulting in no obvious improvement on capacity fade in the early stage 
of cycling. 
 
Fig. 3.7 Cycling performance comparison between pristine 
Li(Li0.2Mn0.54Ni0.13Co0.13)O2 and modified Li(Li0.19Mn0.54Ni0.13Co0.12Ru0.01)O2 as 
cathode materials. Testing conditions: 2 C, 2.0-4.8 V, 25 ℃. 
Fig. 3.7 shows the cyclability of the 0.01 mole Ru modified material at 2 C. The 
capacity fade is as small as 0.06 % per cycle implying good capacity retention at 




other hand, the pristine material Li(Li0.2Mn0.54Ni0.13Co0.13)O2 exhibits inferior cycle 
performance of lower discharge capacity with a fade of 0.13 % per cycle.  
 
Fig. 3.8 Discharge curves of (a) pristine, and (b) modified materials as cathodes at 
various rates. 
To compare the specific rate capability of the pristine Li(Li0.2Mn0.54Ni0.13Co0.13)O2 
and the modified Li(Li0.19Mn0.54Ni0.13Co0.12Ru0.01)O2 materials, the electrodes were 
charged to 4.8 V at a constant current density of 12.5 mA·g
-1
 (0.05 C) and 
discharged to 2.0 V at various rates, viz., 0.05, 0.1, 0.2, 0.5, 1 and 2 C. The discharge 
curves at various rates are shown in Figs. 3.8 (a) and (b). The Ru doped sample 




improvement is particularly pronounced at high discharge rates. For instance, the 
pristine sample only delivers 68 mAh·g
-1
 at 1 C rate while the modified material is 
able to provide 158 mAh·g
-1
 at the same rate. The enhancement in rate capability of 
the modified sample is in accordance with the expectation from previous 
crystallographic analysis. 
To better understand the improvement in electrochemical properties of the material 
with Ru doping (x = 0.01), EIS measurements of both doped and undoped materials 
were conducted. The electrodes were charged to a voltage of 4.8 V at a current 
density of 12.5 mA·g
-1
, and then discharged to 3.5 V and held for 3 h prior to EIS 
measurements. After the first EIS measurement, the electrodes were discharged to 
2.0 V and were then cycled for 20 times at the current density of 500 mA·g
-1
. At the 
20th cycle the electrodes were discharged to 3.5 V, and held for another 3 h followed 
by EIS testing. The same procedure was repeated at the 100th cycle. As shown in 
Fig. 3.9 (a), the first semicircle at high frequency is associated with the impedance 
due to Li ion migration through the interfacial layer between solid and electrolyte 
[132]. The diameter of the second semicircle at middle-range frequency represents 
charge transfer resistance between the surface film and the active cathode [133]. The 
rising line in the low-frequency region is related to the solid-state diffusion of Li 
ions in the layered oxide [134]. It can be seen that the 1st cycle has the lowest charge 
transfer resistance for both doped and undoped samples compared to other second 
semicircles in the 20th and 100th cycles. This could be explained by the undesirable 




SEI layer. In addition, Ru doping is not able to change the charge transfer resistance 
of the electrode after different cycles. The Li-ion diffusion coefficient based on 




























                      (3.13), 
where Vm is the molar volume of the compound, F is the Faraday constant, A is the 
electrode area which is almost the same for both samples because of the same 
preparation technique, and dE/dx is defined from the galvanostatic titration curve. 
The Aw is the Warburg coefficient obtained from the Warburg regions which could 
be determined as the average slope value of |ZRe| vs. ω
-1/2
 and |ZIm| vs. ω
-1/2
 plot [136]. 
Two typical plots of the |ZRe| and |ZIm| vs. ω
-1/2
 with respect to the pristine and the 
modified samples for the 1st cycle are expressed in Figs. 3.9 (b) and (c) respectively. 
The average Aw value for Li(Li0.2Mn0.54Ni0.13Co0.13)O2 is 0.0105 higher than the 
value of 0.0085 for Li(Li0.19Mn0.54Ni0.13Co0.12Ru0.01)O2, due to higher mobility of Li 
for the Ru-doped sample because AW is inversely proportional to DLi according to Eq. 
3.13. Fig. 3.9 (d) shows the average AW values of the pristine and the doped 
electrodes as a function of cycle number. It can be seen that, the doped sample 
always exhibits higher mobility of Li diffusion in local solid-state lattice than that of 
the pristine counterpart. This is consistent with the previous crystallographic analysis 
and may partially explain the significant improvement in rate capability and cycle 






Fig. 3.9 (a) EIS spectra of pristine and modified samples of 
Li(Li0.2-xMn0.54Ni0.13Co0.13-xRux)O2 (x = 0, 0.01) with respect to 1st, 20th and 100th 
cycles at same state of discharge process, and typical plots of |ZRe| and |ZIm| vs. ω
-1/2
 
at the potential of 3.5 V corresponding to (b) Li(Li0.2Mn0.54Ni0.13Co0.13)O2, (c) 
Li(Li0.19Mn0.54Ni0.13Co0.12Ru0.01)O2 during first discharge process with respective 
linear fit to show difference in Warburg coefficient, (d) comparison of average Aw  




3.5 Discussions on Facile Phase Transformation upon 
Long-term Cycling 
3.5.1 Analysis Based on Electrochemical Behaviors 
To better understand the observed phase transformation in addition to the capacity 
fade mechanisms, two kinds of cathode materials, pristine 
Li(Li0.2Mn0.54Ni0.13Co0.13)O2 (LLNCM) and Ru-substituted 
Li(Li0.19Mn0.54Ni0.13Co0.12Ru0.01)O2 (LLNCMR) are compared in the following 
section. Different characterization techniques are used to identify how the structure 
changes during charge and discharge cycling of pristine and doped LLNCM. 
 




 cycle of LiNi1/3Co1/3Mn1/3O2 
(2.5 - 4.6 V) and LLNCM at 0.2 C rate. 




 discharge profiles of the layered 








 discharge curves exhibit only one 
discharge plateau with voltage decrease after 50 cycles. However, although 
Li(Li0.2Mn0.54Ni0.13Co0.13)O2 only presents one 3.7 V discharge plateau in the 1
st
 
discharge, it clearly separates into two distinct discharge plateaus located at about 
3.75 and 3.0 V which has also been observed previously [105, 137]. Change in the 
discharge profile of Li-rich cathode upon cycling cannot be simply explained by 
polarization since it separates into two discontinuous profiles which should be 
associated with different crystallographic structures.  
 
Fig. 3.11 Charge and discharge profiles of (a) LLNCM and (b) LLNCMR. Square 
and circle curves correspond to the first 0.05 C cycle and the last 0.05 C cycle after 
700 cycles at 2 C rate, respectively. Insets show the second and the 700
th
 charge and 
discharge cycles at 2 C. 
To better understand the change in structure of the material, the electrode was first 
charged and discharged at 0.05 C followed by charge/discharge at 2 C rate for 
another 700 cycles. Finally it was cycled at 0.05 C again to eliminate polarization 
effect. Fig. 3.11 shows the charge/discharge curves of LLNCM and LLNCMR at two 
different current densities of 12.5 and 500 mA·g
-1
. As can be seen, although at 2 C 






of LLNCM, LLNCMR shows much higher capacity of 87 mAh·g
-1
. It is interestingly 
noted that the discharge capacities of LLNCM and LLNCMR increased to 207 and 
181 mAh·g
-1
 respectively, when they were cycled at 0.05 C again. Nevertheless, both 
LLNCM and LLNCMR reveal serious change in discharge profiles after 700 
charge/discharge cycles, which may imply gradual phase change during deep cycling. 
Compared with LLNCM (Fig. 3.11 (a)), LLNCMR reveals more significant change 
in discharge voltage (Fig. 3.11 (b)). The change in discharge voltage for both 
materials always happens at about 3.5 V. Dahn’s group [129] proposed two redox 
















Fig. 3.12 Discharge capacity proportion vs. cycle number of LLNCM and LLNCMR 
obtained from 2.0 to 4.8 V at 2 C. 




cycling, two individual capacities are normalized by dividing the total discharge 
capacity. Normalized capacities of both materials below 3.5 V shown in Fig. 3.12 
reveal continuous increase in the first 100 cycles and remain nearly 80 % of total 
discharge capacity for following cycles, while capacities above 3.5 V show the 
reverse effect. This observation implies that large structural evolution took place in 
the initial stage of electrochemical cycling. 
3.5.2 XPS analysis 
 
Fig. 3.13 XPS spectra of pristine LLNCM before and after cycling: (a) Ni 2p 
spectrum, (b) Co 2p spectrum, and (c) Mn 2p spectrum. 
 
Fig. 3.14 XPS spectra of modified LLNCMR before and after cycling: (a) Ni 2p 
spectrum, (b) Co 2p spectrum, and (c) Mn 2p spectrum. 




powder in a discharged state before and after 700 charge/discharge cycles at 2 C. As 
can be seen from Fig. 3.13 (a), the Ni 2p3/2 binding energies of the as-synthesized 
materials are 854.3 and 855.5 eV, respectively. The binding energy values are in 
accordance with standard Ni
2+ 
(854.1 eV) [138] and Ni
3+ 
(855.1 eV) [139] but with a 
little shift to the higher energy level. After cycling, the intensity of Ni spectrum has 
been significantly reduced even though an in-conspicuous energy shift of Ni 2p3/2 to 
a higher oxidation state could be identified. The reduced intensity of Ni spectrum 
after cycling could be due to surface dissolution of Ni-ions into electrolyte when 
charged to a high delithiation state because Ni
4+
 has strong oxidation property. The 
Co 2p3/2 spectrum before cycling in Fig. 3.13 (b) shows Co
3+
 major peak located at 
779.9 eV comparable with Co
3+ 
(779.6 eV) in LiCoO2 [140]. However, after cycling, 
the oxidation state of Co is apparently raised to a higher level as the major peak is 
slightly shifted to 781.5eV being attributed to Co
4+ 
[141] although valance state of 
Co should exist as +3 in a fully discharged state. Fig. 3.13 (c) shows Mn 2p3/2 




 coexist before cycling since two major peaks 
with binding energies of 641.6 and 642.7 eV were observed, which are close to the 
values measured for Mn
3+
 in Mn2O3 [142] and Mn
4+
 in LiNi0.5Mn0.5O2 [143]. The 
fraction of Mn
4+
 of LLNCM after cycling is much higher than that before cycling 
according to the blue-shift of Mn 2p3/2 binding energy. LLNCMR also shows clear 
change in oxidation state of Ni after cycling (Fig. 3.14 (a)) because the major peak of 
Ni 2p3/2 is shifted to Ni
4+
 direction of 860.9 eV according to K2NiF6 [144]. It seems 




3.14 (b)). Additionally, the major peak of Mn spectrum is slightly shifted to Mn
4+
 
direction after long-term cycling. Comparing the valence states of all the transition 
metals Ni, Co and Mn of the cycled sample with those of the original ones, it can be 
concluded that the transition metals tended to be oxidized from low to high oxidation 
states at the discharged state. In particular, Ni
4+
 dominates while Co
(3+x)+
 appears 
after cycling. Xu et al. [95] suggested that appearance of Ni
4+
 could be accompanied 
with the transformation to a Li-rich spinel  4 4
1 / 3 1 / 2 7 / 6 4
L i( L i N i M n )O
    structure mainly 
on surface region. Since Ni presents as Ni
4+
 in a discharged state, there will be no 
further redox reaction. As a consequence, 3.7 V discharge plateau disappears, which 
may explain the rapid capacity loss from capacity contribution above 3.5 V in 
addition to certain degree of dissolution of Ni on the surface area. On the other hand, 
the valence state of Mn is expected to be close to 3+ because the reinsertion of Li 
into MnO2 must lead to Mn
3+
 at a full lithiation state after the first activation process 
where two Li and one O are extracted from Li2MnO3 component. However, the 
present XPS measurement of the average valence state of Mn is higher than 3+, and 
a higher oxidation state of Mn
3.6+ 
has also been observed before at a fully discharged 





will be accompanied by a 3 V discharge plateau in spinel phases [46, 146]. Another 
reason for high oxidation states of the transition metal can be less Li-ion insertion 




3.5.3 Analysis Based on TEM-EDS and ICP 
To study structural change after charge/discharge cycles, powder particles were 
characterized using TEM coupled with energy-dispersive X-ray spectroscopy (EDS). 
Fig. 3.15 shows the TEM image of a cycled LLNCM particle. Element analysis was 
conducted at four different locations marked from 1 to 4 with a spot size of about 20 
nm. On the particle surfaces at locations 1 and 4, the content of Ni is lower than 
designed chemical composition, while Ni and Co show approximately a similar 
atomic ratio at inner regions 2 and 3. Lower Ni content may imply dissolution at 
surface area after a long-term cycling, which may lead to further cation 
rearrangement in local lattice [87, 147] due to thermodynamic instability. The 
dissolution may also result in micro-cracks and distortion of crystal periodicity [148], 
resulting in capacity fade. 
 
Fig. 3.15 Typical TEM image of a cycled LLNCM with four-spot EDS analysis 





Fig. 3.16 Chemical composition of two cathodes measured by ICP before and after 
cycling: (a) LLNCM and (b) LLNCMR. 
Fig. 3.16 shows the quantitative results of elements in molar ratio before and after 
700 times of charge/discharge at 2 C rate. Before cycling, LLNCM contains almost 
the same amount of Ni (0.129) and Co (0.130) as the designed ones. After cycling Ni 
decreased to 0.123 and Co changed to 0.133. The increase in Co can be understood 





 redox is hence reduced. Amine’s group [149] proposed the mechanism for 
capacity fade of MCMB/Li1.1(Ni1/3Co1/3Mn1/3)0.9O2 full cell to be due to dissolution 
of transition metals. For LLNCMR, the variation of molar ratio of Ni is not obvious, 
which could be caused by Ru-doping. However, large decrease in Li content to 0.215 
in LLNCM and 0.354 in LLNCMR after cycling was observed in fully discharged 
states. As shown in the inset in Fig. 3.11, the low Li contents are associated with low 
amount of Li that intercalated into the inner part of the particles during the last 
discharge at 2 C rate, leading to decrease in Li storage at a high C rate, while the 





3.5.4 Analysis based on HRTEM 
 
Fig. 3.17 A and B. High-resolution transmission electron microscope (HRTEM) 
image with corresponding indexed Fast Fourier Transform (FFT) of as-prepared 
LLNCM, C. Schematic structure of monoclinic Li2MnO3, and D. SAED pattern from 
[1ī0] zone axis in Li2MnO3 (C2/m). 
Phase separation is associated with phase transformation, which may be caused by 
Li vacancies in transition metal layers and oxygen vacancies after the first activation 
process. These vacancies enable the diffusion of transition metal ions from metal 
layer to Li layer, leading to structural rearrangement [150, 151]. In a deep 
delithiation state, transformation of the original layered structure to a layered- and 
spinel-mixed but immiscible nanostructure will be thermodynamically favorable 
because of presence of Li and oxygen vacancies. Fig. 3.17 (A) shows HRTEM image 
of detailed lattice fringe of the as-prepared LLNCM, revealing typical (111) crystal 
planes of Li2MnO3 phase. Fast Fourier Transform (FFT) of total image from Fig. 




lattice structure (Fig. 3.17 (C)). The lattice parameters a, b, c and  of the Li2MnO3 
monoclinic phase (Fig. 3.17 (C)) are 0.4928 nm, 0.8533 nm, 0.9604 nm, and 99.5, 
respectively. 
 
Fig. 3.18 A, B and C: Surface region HRTEM bright field image of long-term cycled 
LLNCM with corresponding Fast Fourier Transform (FFT) and indexing of FFT 
image, and D: The short-ordered transformed spinel-like with untransformed 
nanodomains of bulk region in the same grain. Four sub-areas have been applied 
FFT and indexed. 




particle after long term cycling is shown in Fig. 3.18 (A) and (B), respectively. 
Based on the FFT image in Fig. 3.18 (B) the crystal can be indexed as [22ī] of 
Li2MnO3 monoclinic phase (Fig. 3.18 (C)). On the extreme surface area, there is an 
amorphous layer of about 1~2 nm thick. In the inner region as shown in Fig. 3.18 
(D), microstructure becomes inherently complex and short-range ordered compared 
with that on the surface. By applying FFT to different regions in Fig. 3.18 (D), two 
structures of Li-Mn-O ternary phase could be identified. The transforming areas are 
marked with D1, D2, D3 and D4. Their corresponding FFT images and indexing 
results shown in Index-D1 through Index-D4 clearly reveal two different structures: 
the original layered structure of Li2MnO3 phase and the newly-formed spinel-like 
LiMn2O4 phase, two of which are integrated into the complex matrix together. 
Fig. 3.19 shows HRTEM images of a LLNCMR particle after long-term cycling. The 
FFT image (Fig. 3.19 (B)) of the crystal lattice (Fig. 3.19 (A)) provides two types of 
diffraction patterns as shown in Fig. 3.19 (F). The indexing of the two diffraction 
patterns in Fig. 3.19 (D) and (E) confirms the zone axis to be [10ī] Li2Mn2O4 and 
[110] LiMn2O4. The Li2Mn2O4 has a body-centred tetragonal structure with space 
group I41/amd and lattice parameters a = 0.56504, b = 0. 56504 and c = 0.9242 nm, 
while LiMn2O4 has a face-centered cubic with Fd-3m space group with the lattice 
parameter a = 0.8245 nm. Compared to Fig. 3.18, LLNCMR shows more phase 
transformation from the original layered structure into a mixed spinel-like LiMn2O4 
and Li2Mn2O4 structure at a fully discharged state, which is also confirmed by Fig. 




clearly in this local structure, inverse Fourier Transform with applying filter was 
carried out to identify those reflections only associated with periodic lattice features 
in different phases. As can be seen from Fig. 3.19 (C), there is distorted Li2Mn2O4 
tetragonal nano-domain integrated with transformed LiMn2O4 in the local structure. 
On the other hand, line-scan energy dispersive X-ray spectroscopy (STEM-EDS) 
shows uniform distribution of Ni and Co throughout the particle while Ru is rich in 
surface region but poor in center area (Fig. 3.20). Element F appears after cycling 
due to corrosion from side reaction between active material and electrolyte. The 
presence of Li2(Mn2-xMx)O4 (M refers to TM-Li and Ni) spinel-like phase is 
responsible for the gradually-increased 3V plateau in a complex 
integrated-composite, as suggested by Lee, et al. [152]. In the present case, it is 
reasonable to suggest the mixed spinel-like Li(Mn2-xM′x)O4 and Li2(Mn2-xM′x)O4 (M′ 
refers to TM-Li, Ni, Co and Ru) structure to be responsible for the changed 
discharge profile while Mn-redox provides majority of electrons below 3.5 V. 
Additionally, the filtered images in Fig. 3.19 (C) and (G) also show remarkable 
nano-domain feature with dimension around 5 nm distinguished by the alternated 
dark and bright regions. This observation agrees well with previous results on 
nonstoichiometric layered LixMnyO2 [153] and doped LixMn1-yCoyO2 [46], where the 
defective Mn-based layered structure converts itself into spinel-like nano-domain 
structure while in the present work a similar transformation starts from the layered 





Fig. 3.19 A and B: HRTEM bright field image of long-term cycled LLNCMR with 
corresponding Fast Fourier Transform, C: Fourier filtered image of pattern A, D, E: 
SAED patterns indexed as [10-1] tetrogonal-Li2Mn2O4 and [110] fcc-LiMn2O4, 
respectively, and G: Fourier filtered image of surface region indicates totally 





Fig. 3.20 Bright field STEM image of a cycled LLNCMR particle. The line in the 
image indicates the area chosen for a line scan EDS analysis. 
3.5.5 Analysis Based on Ex-situ XRD 
 
Fig. 3.21 Selected portions of XRD patterns of LLNCMR sample (before and after 
cycling). 
Fig. 3.21 shows the XRD patterns of LLMNCR sample before and after 700 cycles. 
Compared with the pristine one, the diffraction peaks of the cycled sample are 
shifted to low diffraction angle and are greatly broadened. Broadening of the peaks 
after cycling is ascribed to the large reduction in grain size and increase of atom 




reasons, one of which is large decrease in Li content after full discharge (Fig. 3.16). 
Decrease in accommodation of Li ions in the full discharge state would lead to 
increase in lattice parameters. Another reason could be the formation of other new 
phases, such as spinel or other layered structures. 
3.5.6 Influence of Spinel-like Phase on Electrochemical 
Performance 
 
Fig. 3.22 Absolute values of discharge capacity corresponding to contributions 
above 3.5 V and below 3.5 V at 2 C. 
Fig. 3.22 shows the capacities contributed below and above 3.5 V at 2 C rate. It can 
be seen that at a high rate (2 C), LLNCMR provides higher discharge capacities 
below and above 3.5 V. In particular the capacity contribution below 3.5 V is much 
higher than that of LLNCM. As discussed before, capacity contribution below 3.5 V 




 redox in spinels, the high rate test confirms the 




spinel-like phases in LLNCMR. Since conductivity of the spinel structure provides 
3-dimensional diffusion, transformation may benefit rate capability. Further more, 
the incomplete transformation in LLNCM may form large amount of domain 
boundaries which may block Li ions’ transportation. 
 
Fig. 3.23 Cycling performance of LLNCMR between 2.0 and 4.8 V at 2 C. 
In addition to high rate capability, LLNCMR also shows good capacity retention as 





even when cycled between 4.8 and 2 V.  It is known that in an over-discharged 
condition capacity rapidly losses because when Mn is reduced from a tetravalent 
state to a trivalent state, Jahn-Teller distortion effect will unavoidably take place 
when the average valence of Mn is below 3.5+, leading to capacity fade due to 
mismatch between Jahn-Teller-tetragonal spinel and the original cubic spinel.  
Based on Armstrong, Bruce, etc,[48, 153-155] the loss of contact between these 




spinel-like phase through strain relaxation by slippage at the domain wall boundaries. 
The present observation in Figs. 3.19 (C) and (G) shows similar nano-domains 
which may be responsible for reduced Jahn-Teller distortion and hence enhanced 
capacity retention. 
3.6 Summary 
In summary, Li(Li0.2-xMn0.54Ni0.13Co0.13-xRux)O2 (x=0, 0.01, 0.03 and 0.05) cathode 
materials have been synthesized via a traditional coprecipitation method. An 
appropriate amount of Ru in local structure induces an increase in interslab spacing 
in LiNi1/3Co1/3Mn1/3O2 as well as c-lattice constant of Li2MnO3. As a result, it 
improves the mobility of Li diffusion in both compounds, and consequently 
facilitates the phase transformation from layered Li2MnO3 component to certain 
spinel-like regions. From the present results, it is also proposed that capacity fade 
mechanism for early cycles could be due to gradual elimination of oxide vacancies 
and metal ion rearrangement caused by inevitable lower free-energy favorable 
tendency in the local lattice. In the following part on detailed investigations of spinel 
transformation, the pristine Li(Li0.2Mn0.54Ni0.13Co0.13)O2 and the modified 
Li(Li0.19Mn0.54Ni0.13Co0.12Ru0.01)O2 Li-rich cathode materials were chosen to 
compare the transformation as well as the capacity fade mechanisms during 
long-term cycling. It was found that capacity loss from above 3.5 V is significant 
while that below 3.5 V is negligible. According to electrochemical measurements, 




to a spinel-like and layered mixed structure took place after a deep 
delithiation/lithiation. Based on XPS, TEM-EDS, and ICP results, the capacity fade 
is also associated with Ni dissolution accompanied with increase in oxidation states 
of remaining transition metals at surface regions of particles. Besides, the 
transformed spinel-like nano-domain structure behaves quite similarly with 
formally-studied ion-exchanged LixMnyO2, which offers a possibility to explain the 
excellent capacity retention as well as good rate capability particularly after 




CHAPTER 4. Cr DOPING ON 3a SITE IN 
Li-RICH LAYERED CATHODES 
4.1 Motivation of the Doping Strategy 
As indicated in Chapter 1, voltage decay of Li-rich layered cathodes with increase in 
number of charge and discharge is a critical issue. Based on the point of view of 
stabilizing local structure, dopants may stabilize the structure of the cathode 
materials which may slow down structural transformation. To achieve this, a number 
of possible dopants are considered. One of them is Cr. Selection of Cr is based on the 




 redox is electrochemically active in contributing 
capacity in Li- and Mn-rich Li(LixCryMn1-x-y)O2 layered cathodes [156-158], (2) Cr
3+
 
(0.615 Å) possesses an ionic radius relatively similar to the low-spin Co
3+
 (0.545 Å) 
[159], (3) both LiCrO2 and LiCoO2 belong to the layered structures (α-NaFeO2) with 
R-3m symmetry [160], and (4) Cr doping has been proven to be effective in 
stabilizing the crystal structures because of the high bond energy of Cr-O [161-163]. 
On the other hand, Co content in Li-rich cathodes may negatively affect the 
structural stability since highly-oxidized Co
4+
 tends to dissolve into the electrolyte 
[164]. Overall, the idea of Co substitution by Cr becomes attractive. 
A previous study on Li2MnO3-LiCoO2-LiCrO2 system has shown that Cr has doped 
on Co site with various contents [165]. However, the impact on structural stability 




possible suppression on oxygen loss have been discussed.  
In this section, a series of novel Cr substituted cathodes 
Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2 (x = 0, 0.03, 0.06, 0.10 and 0.13) has been 
prepared by carbonate-assisted coprecipitation method. After careful investigations 
by means of ex-situ X-ray diffraction (XRD), field emission scanning electron 
microscope (FESEM), X-ray photoelectron spectroscope (XPS) and electrochemical 
cycling, it was found that chromium not only provides capacity but also contributes 
to suppress the spinel transformation in deep cycling state.  
4.2 Material Preparation 
The carbonate assisted coprecipitation method [84, 166] was applied to prepare the 
Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2 samples at various doping levels, i.e. x = 0, 0.03, 
0.06, 0.10 and 0.13. In a typical synthesis process, two independent solutions were 
firstly prepared, namely, a 0.2 M solution including MnSO4·H2O, NiSO4·7H2O, 
CoSO4·7H2O and Cr(NO3)3·9H2O (Mn : Ni : Co : Cr = 0.54 : 0.13 : (0.13 - x) : x 
molar ratio), and a basic solution of NH4HCO3 (2 M). The metal-ions contained 
solution was then slowly dripped into the continuously-stirred NH4HCO3 solution 
drop by drop to obtain (Mn0.54Ni0.13Co0.13-xCrx)(CO3)0.8-x/2 precursors. The 
coprecipitation condition was set to be T = 60 °C and pH = 8.0. The carbonated 
precursor was separated from solution using a centrifugal machine, followed by 
several times washing using de-ionized water. After an overnight drying at 80 °C, the 




excess in molar ratio to compensate for lithium loss during calcination. Thereafter, 
the mixture was heat treated in air using two steps: preheating at 600 °C for 15 h to 
decompose the carbonate and then calcination at 800 °C for another 15 h to obtain 
the final product, in which both of the heating rates were set to be 5 °C·min
-1
. To 
compare the effectiveness of using NH4HCO3 and Na2CO3, another series of samples 
in the same chemical compositions were prepared by adding Na2CO3. Except that the 
filtration process involved more times of washing by ethanol and de-ionized water, 
other processes remained the same. 
4.3 Crystallographic Characterization 
 
Fig. 4.1 XRD patterns of the prepared Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2 (x = 0, 0.03, 
0.06, 0.10 and 0.13). The evolution of the lattice constants (a, c), unit cell volumes 
both in the LiNi1/3Co1/3-yCryMn1/3O2 phase and weight fraction of each phase are 





Fig. 4.2 XRD patterns of prepared Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2 (x = 0, 0.03, 
0.06, 0.10 and 0.13) using Na2CO3 precursor. 
Fig. 4.1 shows the XRD patterns of Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2 (x = 0, 0.03, 
0.06, 0.10 and 0.13) prepared. As can be seen, all the strong peaks of the pristine 
sample except for two peaks between 20 and 24° could be indexed as the signal 
reflections from both rhombohedral LiNi1/3Co1/3Mn1/3O2 component (labeled as R) 
and monoclinic Li2MnO3 component (labeled as M) [93, 94], indicating that the 
integration between these two phases at the atomic level had been achieved. The two 
weak peaks associated with a unique cation ordering of LiMn6 in transition metal 
layers are always indexed to (020)M and (110)M in Li(Li1/3Mn2/3)O2 [60]. However, 
two unexpected humps located at a higher degree of (003)R/(001)M peak and a lower 
degree of (101)R/(-201)M peak are present, implying a spinel-phase formation in such 




the increase in doping levels of Cr from 0.03 to 0.13. No impurities were detected 
from all the doped samples. This observation could be an indication that Cr
3+
 ions 
have been incorporated into the 3a sites because of the crystallographic similarity of 
these two elements to a certain extent. In contrast, an impurity phase of complex 
lithium-sodium-chromium-oxide-hydrate (JCPDS: 42-54) always emerged in the 
doped samples if Na2CO3 is used as a reagent, as observed from Fig. 4.2. Therefore 
NH4HCO3 has been chosen to supply the carbonate. To reveal the variations of 
crystallographic parameters in response to Cr doping, Rieveld refinement was 
performed based on the assumption of two phases (LiNi1/3Co1/3-yCryMn1/3O2 and 
Li2MnO3) coexisting in all samples. At the corresponding occupancies of Cr at Co 
site, y was calculated according to the designed chemical formula before refinement. 
 
Fig. 4.3 Rietveld refinement on the XRD pattern of Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2 
(x = 0.03). Rwp = 12.3 %. Data here are the same as those in Fig. 4.1. 
Fig. 4.3 and Table 4.1 show the refinement results with respect to the individual 
component. The acceptable factor Rwp indicates a good fit between the observed and 




constants a and c, and unit cell volumes were selected to reveal the variation of 
lattice constants as a result of Cr doping, and the evolution of weight fractions of 
each phase is also compared in Fig. 4.1. Both the lattice constants as well as the 
volumes are shown to continuously increase with the increase in doping levels from 
0 to 0.13. Note that the Cr
3+
 possesses larger ion radius of 0.615 Å relative to 0.545 
Å of Co
3+ 
[159]. Therefore, according to the above observations, it is reasonable to 
conclude that Cr has successfully substituted Co in Li-rich layered structure. Fig. 4.1 
also shows the evolution of the weight fractions of each phase, indicating a reduction 
of Li2MnO3 phase with a growth of LiNi1/3Co1/3-yCryMn1/3O2 phase with the increase 
in Cr doping. As a consequence, such variations will essentially affect the 
electrochemical behaviors of different samples. 
Table 4.1 Rietveld refinement results for Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2
a
 





















x=0 0 2.8514 14.2527 100.4 27.7 4.9844 8.4779 9.5779 400.3 72.3 18.7 
x=0.03 0.075 2.8611 14.2855 101.3 33.2 4.9198 8.5145 9.8395 408.6 66.8 12.3 
x=0.06 0.147 2.8657 14.3073 101.8 38.2 4.9370 8.6876 9.5606 404.9 61.8 14.8 
x=0.10 0.244 2.8716 14.3170 102.2 36.3 4.9778 8.5890 9.9184 418.8 63.7 19.9 
x=0.13 0.333 2.8753 14.3244 102.6 40.5 4.9753 8.5684 9.5842 403.9 59.5 19.9 
a
 Phase LiNi1/3Co1/3Mn1/3O2, space group R-3m, a=2.860 Å, c=14.227 Å; Phase Li2MnO3, space 





Fig. 4.4 Chromium, cobalt, nickel, manganese and oxygen elemental mappings 
using TEM on Li(Li0.2Mn0.54Ni0.13Co0.07Cr0.06)O2 sample confirms a uniform 
distribution of elements after synthesis. 
Moreover, EDS mapping confirms homogenous distributions of Cr in 
Li(Li0.2Mn0.54Ni0.13Co0.07Cr0.06)O2 sample as shown in Fig. 4.4. 
Fig.4.5 shows the SEM images of all the as-synthesized samples with various doping 
levels. The relatively large-scaled images on the left side clarify that all the samples 
retain their spherical morphology within the secondary particles after high 
temperature calcination, because the carbonate precursors such as 
(Mn0.54Ni0.13Co0.07Cr0.06)(CO3)0.83 possess initially spherical feature after 
coprecipitation, as shown in Fig. 4.6. The average particle size is around 4 μm for x 
= 0 sample, while it significantly reduces to 1 μm for x = 0.13. On the right side, the 
magnified images reveal the enlarged particles within the same dimensional scale, as 





Fig. 4.5 SEM images of (a) and (a’) x=0, (b) and (b’) x = 0.03, (c) and (c’) x = 0.06, 
(d) and (d’) x = 0.10, (e) and (e’) x = 0.13 of Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2 
samples. 
According to these SEM comparisons, it is interesting to point out two observations. 
1) The feature of the spheres as well as the homogeneity of the secondary particles 




secondary particles become denser for the heavily-doped samples than those of the 
undoped and lightly-doped ones, and 2) the crystal shapes of the primary particles 
vary from a smooth-like shape (x = 0) to an angular-like shape (x = 0.06). The 
reasons for these variations in morphology could be partially understood by the 
existence of Cr. Cr may affect the amount of nucleation points, the effectiveness of 
carbonate at a fixed pH value, the preferred crystal orientation of grain growth, etc. 
However, at this moment, it is unnecessary to systematically investigate the 
synthesis conditions as long as Cr has been successfully incorporated into the 
designed structures. 
 
Fig. 4.6 SEM image of carbonate precursor (Mn0.54Ni0.13Co0.07Cr0.06)(CO3)0.83. 
4.4 Electrochemical Properties 
To investigate the electrochemical behaviors such as capacity and reversibility at 
different cut-off voltages, all cells were charged from 2.0 V to different voltages of 4, 
4.2, 4.4, 4.5, 4.6 V at a fixed rate of C/20. The charge/discharge curves are 




Table 4.2.  
 
Fig. 4.7 Window-opening charge/discharge curves with increase in voltage ranging: 
2.0 - 4.0 V, 2.0 - 4.2 V, 2.0 - 4.4 V, 2.0 - 4.5 V, 2.0 - 4.6 V and 2.0 - 4.8 V of 
Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2 cells (x = 0, 0.03, 0.06, 0.10 and 0.13). Testing rate 
was fixed at C/20 at room temperature. 
Several observations can be summarized: 1) When charge voltage is below 4.4 V, the 
discharge curves follow the corresponding charge curves, indicating no phase 
transformation. Among all the samples, the one with 0.1 doping level possesses the 
best reversibility. 2) The typical charging plateau initiates in between of 4.4 and 4.5 




later be clearly shown in dQ/dV plots. The various lengths and the starting points of 
the activation process of Li2MnO3-like component could be partially understood by 
the various amount of composed Li2MnO3 phase, various sizes of secondary 
particles in different samples (Fig. 4.5) and the catalyst effectiveness of Cr at 
different levels [157]. As a result, the existence of potential difference between 
charge and discharge curves clearly shows activation induced polarization. Based on 
observations from Fig. 4.7 and Table 4.2, the samples with 0.06 and 0.13 doping 
levels exhibit the best reversibility and the highest capacities compared to others, 
which are 95.6 % with 260 mAh·g
-1
 and  94.1 % with 256 mAh·g
-1
 when charged to 
4.8 V. Another observation from Fig. 4.7 and Table 4.2 is that the charge/discharge 
capacities gradually increase in all 4.0, 4.2 and 4.4 V conditions as Cr doping 
increases from 0 to 0.13. This may imply that the doped Cr is electrochemically 
active in this system which provides reversible capacity.  
Table 4.2 Charge and discharge capacities with respect to different voltage windows 
of Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2 cells (x = 0, 0.03, 0.06, 0.10 and 0.13). Testing 


























Ch Dis Ch Dis Ch Dis Ch Dis Ch Dis Ch Dis 
0 5 8 30 22 41 33 56 43 310 176 250 211 
0.03 11 10 50 35 63 55 169 140 276 216 265 240 
0.06 36 32 85 68 108 93 240 193 267 244 272 260 
0.10 51 50 107 92 111 118 230 195 258 241 272 256 





Fig. 4.8 dQ/dV plots of the corresponding charge/discharge curves in Fig. 4.7 of 
Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2 cells (x = 0, 0.03, 0.06, 0.10 and 0.13). 
The dQ/dV plots of the corresponding charge/discharge curves are shown in Fig. 4.8. 
Firstly, the dQ/dV plots before activation of Li2MnO3 clearly represent a reversible 









 redox [92, 130]. Secondly, after activation at 4.5 V, the 




 redox in layered-spinel-mixed phase 
[99]. Thirdly, the pair of reversible peaks located at 2.6 V (anodic process) and 2.75 








which is only observed in the x = 0, 0.03 and 0.13 samples. This observation is 
indeed consistent with the results from XRD. Moreover, a gradual increase in 
intensity of a pair of peaks located at around 3.75 V (when charging cut-off voltages 





 redox in layered phase [158]. However, this redox reaction is believed to 
be accompanied by Cr migration from 3a octahedral to 6c tetrahedral sites, leading 
to a distribution change of Cr in the layered framework [158, 165]. Nevertheless, 
according to the observations in Fig. 4.8, it seems difficult to indicate whether Cr is 
able to provide reversible capacities when 4.5, 4.6 and 4.8 V cut-off voltages are 
applied, even though this pair of redox at 3.75 V is clearly reversible when 4.0, 4.2 
and 4.4 V cut-off voltages are applied. Besides these observations, the advantages in 
structural stability resulted from Cr doping will be discussed in section 4.5. 
4.5 Suppression of Phase Transformation upon Long-term 
Cycling 
4.5.1 XPS Analysis 
To compare the variations in valence states of all transition metals, the XPS spectra 
of Co 2p, Co 3p and Cr 2p orbital are shown in Fig. 4.9, and the spectra of Ni 2p, 
Mn 2p and Li 1s orbital are given in Fig. 4.10. As shown in Fig. 4.9, the fittings of 
Co
3+
 (779.8 and 794.7 eV) peaks in addition to Co
4+
 (780.8 and 796.1 eV) peaks 
[141] at both 2p3/2 and 2p1/2 energy states indicate that Co
3+
 dominates in undoped 




no obvious peak shift could be observed in samples B, C and D. Nevertheless, a 
change in intensity of the spectra obtained is clear, as evidently supported in Co 3p 
orbital that the amount of Co gradually reduces to be vanished with the increase in 
doping levels. On the contrary, for the spectra of Cr 2p orbital, a gradual increase in 
intensity is obvious which could be easily understood by the successful 
incorporation of Cr. Moreover, the fitting peaks possessing binding energies of 576.1 
and 585.9 eV are contributed from 2p3/2 and 2p1/2 energy states of Cr
3+
, while the 
579.5 and 588.6 eV are ascribed to Cr
6+ 
[160, 169]. The proportion of hexavalent Cr 
relative to trivalent Cr increases as the doping level rises from 0.03 to 0.13, 
suggesting that Cr is easily oxidized to hexavalence when heavy doping is applied. 
Note that calcination of all samples was conducted in air in this work, while most of 
the works on Cr doping were realized under protective atmosphere [158, 165]. The 
reason to choose calcination in air was to form partial Cr
6+
 to stabilize the structure 




 redox during charge always involves Cr migration 
from transition metal layers (octahedral 3a sites) to adjacent Li layers (tetrahedral 6c 
sites) [165] which may essentially lead to instability of structure. However, this 
strategy consumes capacity in reverse as the electrochemically-active Cr
3+
 reduces. 
As a matter of fact, such impact on reversible capacity is negligible which will be 
discussed later as part of the electrochemical performance (section 4.5.2). According 
to Fig. 4.10, the fitted peaks located at 641.7 eV and 642.8 eV are ascribed to 
trivalent and tetravalent Mn at 2p3/2 energy states [67, 151, 170]. It is important to 




than the counterparts in D and E samples, indicating that the spinel phase might be 
formed accompanied with the existence of Mn
3+
. In fact, this deduction is consistent 
with the observations from XRD in Fig. 4.1. Among them, the x = 0.10 sample (D) 
possesses the smallest amount of trivalent Mn, in other words less spinel-like phases 
which indeed affects the electrochemical performance. Such tendencies are also 
supported in the spectra of Mn 3p orbital nearby Li 1s orbital. On the other hand, an 
apparent shift in consideration of Li 1s peak with the increase in doping levels also 
implies a variation in locally-formed structure at particle surfaces. Regarding the 
oxidation states of Ni, it is found that Ni
2+
 (854.8 eV) dominates as a part of Ni
3+
 
(856.1 eV) also forms in samples C, D and E [67].  
 
Fig. 4.9 XPS spectra of Co 2p, Co 3p and Cr 2p orbital for x = 0 (A), x = 0.03 (B), x 
= 0.06 (C), x = 0.10 (D) and x = 0.13 (E) of Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2 
samples. Black solid, blue solid and red dash lines represent original graphs, fitted 





Fig. 4.10 XPS spectra of Li 1s (Mn 3p, Cr 3p), Mn 2p and Ni 2p orbital for x=0 (A), 
x = 0.03 (B), x = 0.06 (C), x = 0.10 (D) and x = 0.13 (E) of 
Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2 samples. Black solid, blue solid and red dash lines 
represent original graphs, fitted peaks and fitted graphs, respectively. 
 
Fig. 4.11 Surface analysis of chemical composition based on XPS technique on the 
prepared Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2 (x = 0, 0.03, 0.06, 0.10 and 0.13) 
samples. 
The amount of Ni in samples A and B is less than those in other samples, which is 
evidently confirmed by surface analysis in chemical composition based on XPS 




amount of Ni in the final product is indeed associated with the doping amount of Cr, 
since it apparently increases from the x = 0 to x = 0.13 sample whereas the desirable 
composition for Ni is always the same for all samples. The reason is still unclear, 
which might be ascribed to the synthesis parameters in NH4HCO3 solution. 
4.5.2 Cycle Performance 
 
Fig. 4.12 Cycle performance of Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2 samples (x = 0, 
0.03, 0.06, 0.10 and 0.13) in different voltage windows, 2.0 – 4.4 V, 2.0 – 4.6 V and 
2.0 – 4.8 V. All tests were performed at a fixed rate of 0.2 C at room temperature. 
Fig. 4.12 compares the cycle performance of all samples at different level of Cr 
doping and different cut-off voltages. According to the previous results shown from 
window-opening charge/discharge tests (Fig. 4.7), the activation of Li2MnO3 in all 
samples takes place above 4.4 V. Therefore, there is no impact on cycle performance 




However, impacts from activated Li2MnO3 need to be taken into account when both 
voltage windows of 2.0 – 4.6 V and 2.0 – 4.8 V are applied. To systematically 
compare the cycle performance in various voltage windows of all samples, specific 
discharge capacity, gravimetric energy density and average discharge voltage are 
shown in Fig. 4.12 with respect to different testing conditions. As can be seen from 
the results in 2.0 – 4.4 V, the x = 0.10 sample exhibits the best performance with 
discharge capacity 118 mAh·g
-1
 and 451 Wh·kg
-1
 energy density for the first cycle, 
maintaining at 110 mAh·g
-1
 and 396 Wh·kg
-1
 after 100 cycles. The average voltage 
decreases from 3.83 to 3.61 V as a result of increased polarization due to surface SEI 
layers. In addition, the x = 0.13 sample possesses similar performance as that of x = 
0.10 with slightly faster capacity fading, while the lightly-doped samples (x = 0, 0.03 
and 0.06) show both less discharge capacity and lower average voltage compared to 
the heavily-doped ones (x = 0.10 and 0.13). In the case of 2.0 – 4.6 V voltage 
window, the discharge capacity along with energy density in sample x = 0.10 are 




 in the first cycle, maintaining 170 
mAh·g
-1
 and 573 Wh·kg
-1
 after 133 cycles. The average voltage decreases from 3.56 
to 3.36 V. The sample x = 0.13 provides less discharge capacity and energy density 
with a similar evolution path compared to the x = 0.10 sample. In addition, the 
average voltage in the x = 0.06 sample is reduced more significantly than the x = 
0.10 sample, even though they deliver comparable discharge capacity and specific 
energy of all cycles. On the other hand, the average voltages of the lightly-doped (x 




lack of Cr. With increasing charge cut-off voltage from 4.6 to 4.8 V, several 
interesting observations could be identified: 1) The discharge capacity and energy 
density have been slightly enhanced for the x = 0.06, 0.10 and 0.13 samples, but 
significantly enhanced for the x = 0 and 0.03 samples. This could be partially 
understood by the hysteresis activation of Li2MnO3 in between 4.6 and 4.8 V in these 
two samples (x = 0 and 0.03), as is also supported by Fig. 4.8. 2) The x = 0.03 
sample shows an excellent capacity retention with increased discharge capacity from 
210 (1
st




 cycle), whereas the average voltage is still 
significantly reduced from 3.41 to 3.08 V, implying that the spinel transformation 
during cycling is responsible for voltage decay, but with inconspicuously negative 
effects on capacity retention. 3) The x = 0.13 sample provides less discharge 
capacity than the ones provided by the x = 0.03, 0.06 and 0.10 samples. Nevertheless, 
its energy density is still acceptable and comparable to the counterpart of these 
samples. The reason is that the average voltage in the sample x = 0.13 is always the 
highest among all samples during cycling. The supporting evidences for this 




4.5.3 Analysis Based on Discharge Curves and dQ/dV 
 
Fig. 4.13 Charge/discharge curves (a) with corresponding dQ/dV plots (b) of 
Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2 (x = 0, 0.03, 0.06, 0.10 and 0.13) cathodes at 
different stages of cycling, i.e. 2nd, 5th, 10th, 30th, 50th, 70th, 100th and 130th. All 
samples were tested at 0.2 C in voltage window of 2.0 - 4.6 V at room temperature. 
Fig. 4.13 shows charge/discharge curves and corresponding dQ/dV plots based on 




the discharge plateaus of all samples gradually decrease upon cycling. However, the 
voltage decay shown in the doped samples (x = 0.06, 0.10 and 0.13) is less 
significant than those of the undoped and 0.03 Cr-doped samples. Two distinct 
discharge plateaus respectively located at 4.0 and 2.7 V are observed only in the 
undoped and 0.03 Cr-doped samples after 130 cycles, whereas all the other samples 
with heavily-doped Cr (x = 0.06, 0.10 and 0.13) possess no obvious separation in 
discharge plateau after the same number of cycles. The corresponding plots of 
dQ/dV shown in Fig. 4.13 (b) reveal that both x = 0 and 0.03 samples undergo a 
complex structural evolution from layered to layered-spinel mixed phase during 
synthesis. Besides these two samples, the other doped ones also comprise spinel 
phases but with a few contribution to capacity, as marked by • in Fig. 4.13 (b). For 
the samples x = 0.06, 0.10 and 0.13, several oxidation processes occurred during 
charge, which could be understood as follows:  




 in layered phase,  
2) O2 is possibly associated with Cr
3+/6+
 in layered structure, and  
3) the gradual shift of O3 towards lower voltage is due to Mn
3+/4+
 in layered phase, 
which is transformed to spinel phase during cycling.  
In addition, the evolution of oxidation process at 4.5 V must be associated with 
Li2MnO3 activation. Not equivalently, there are also several reduction processes 
during the corresponding discharge, which could be explained as follows:  
1) the origin of R1 is still unclear [171],  
2) R2 is related to Ni




decreases in intensity, and  
3) R3 is associated with Mn
4+/3+
 in layered phase but being consumed to generate R4, 
which is due to Mn
4+/3+
 in transformed spinels.  
It is also worthy to point out that the nonequivalent characters regarding O1 
oxidation and R2 reduction suggest different mechanisms that involve extraction and 
reinsertion of Li [99], which is still unclear to researchers at the current stage. 
Another interesting observation based on R3 and R4 peaks is that the significance of 
the consuming process becomes less as the doping level increases. This observation 
may imply a less structural evolution undergoing in the heavily-doped samples, since 
a less significant voltage decay is reasonably ascribed to suppressed spinel 
transformation during cycling [97, 99]. 
To clearly support this assumption, Fig. 4.14 is used to show only the 
charge/discharge curves and the dQ/dV plots at deep cycling states, i.e. 110th, 120th 
and 130th cycles. According to Fig. 4.14 (a), it is clear that the samples with high 
doping levels (x = 0.06, 0.10 and 0.13) show little capacity fading during the 20 
charge/discharge cycles. In contrast, larger fading is observed in the undoped and 
0.03 Cr-doped samples. More importantly, the corresponding dQ/dV plots (Fig. 4.14 
(b)) demonstrate that the main redox peak voltages during discharge follow this 
sequence: 3.20 V (x = 0.13) > 3.12 V (x = 0.10) > 2.91 V (x = 0.06) > 2.79 V (x = 
0.03). Based on these observations, it is reasonable to suggest that Cr doping 
stabilizes layered structure and hence partially suppresses transformation to spinel. 






 after 130 cycles, the location of main redox peak during discharge after 
serious cycling is still comparable with the one achieved in Li2MnO3_Ni850 system 
in reference [99].  
 
Fig. 4.14 Charge/discharge curves (a) with corresponding dQ/dV plots (b) of 
Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2 (x = 0.03, 0.06, 0.10 and 0.13) cathodes at deep 
cycling stages, namely 110, 120 and 130 cycles. All samples were tested at 0.2 C in a 





4.5.4 Ex-situ XRD 
 
Fig. 4.15 XRD patterns of Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2 (x = 0, 0.06 and 0.13) 
cathodes after 133 cycles (0.2 C, 2.0 - 4.6 V). The selected portion between 18 and 
20° indicates the shift of peaks before and after long-term cycling. 
Ex-situ XRD was conducted on the electrodes with different doping levels of 0, 0.06 
and 0.13 after 133 charge/discharge cycles at 0.2 C. As shown in Fig. 4.15, a 
Li2CrO4 phase could be identified in the cycled Cr-doped samples, implying a 
possible aggregation of Li2CrO4 domains has grown from the initial solid-solution 





165]. Formation of Li2CrO4 is an irreversible process since a deintercalation of Li is 
impossible because of its electrochemical-inactivity where the valence of Cr is +6. 
Note that Li2CrO4 is a rhombohedral phase with R-3 space group (JCPDS: 31-715), 




symmetry between them. Therefore, it is speculated that the Li2CrO4 phase formed 
in-situ in particles during cycling may play a hindering role to suppress local phase 
transformation due to its phase stability. However, it consumes reversible capacities. 
Additionally, as shown from the selected portion of XRD patterns, the original 
(003)R/(001)M peak is shifted to a higher degree in the undoped sample after 
charge/discharge cycles, while the (003)R/(001)M peaks of doped samples are both 
shifted to a lower degree. Because the (111)S peak of cubic spinels (Fd-3m), such as 
LiNi0.5Mn1.5O4 in the layered-layered-spinel systems, always exhibits a higher 
degree than (003)R in layered phase [152, 167, 168], it is reasonable to conclude a 
suppression of spinel formation in both doped samples. However, it is still unclear of 
the reasons for a lower shift of (003)R peak due to the complexity of Li2CrO4 
formation and the lattice disorder resulted from electrochemical cycling. 
4.6 Summary 
In summary, a series of Cr doped Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2 (x = 0, 0.03, 0.06, 
0.10 and 0.13) cathode materials has been prepared by a carbonate-assisted 
coprecipitation method. According to XRD, TEM-EDS and XPS results, Cr was 





 in the layered structure. The cathode 
Li(Li0.2Mn0.54Ni0.13Co0.03Cr0.10)O2 is able to deliver 170 mAh·g
-1
 discharge capacity 
between 4.6 and 2.0 V with 3.36 V average voltage after 133 cycles at a current 
density of 50 mA·g
-1




the electrochemical performance along with the ex-situ XRD, it was found that the 
evolution of voltage decay has been partially suppressed in the heavily-doped 
cathode materials, in particular at 0.10 and 0.13 doping levels. Furthermore, the 
strategy of Cr doping is believed to be applicable to other Co-contained Li-rich 
layered systems. The intrinsic mechanisms for such enhancement of voltage 
retention as a result of Cr doping are still unclear at the current stage, but are 
assumed to be related to Li2CrO4-phase formation during cycling, a lower content of 




CHAPTER 5. GRAPHENE-INVOLVED 
SURFACE TREATMENT ON LI-RICH LAYERED 
CATHODES 
5.1 Motivation of the Modification Strategy 
As emphasized in the literature review, surface modification is always regarded as an 
effective way to enhance electrochemical properties in Li-rich layered cathode 
system. To this end, graphene is taken into account to modify the particle surfaces of 
the present cathode material investigated, because metal oxides have been widely 
studied. Graphene as a two-dimensional carbon sheet owing to superior electronic 
conductivity and high specific surface area [172-174], has been used to design novel 
composite structures with 3D-conducting network to obtain extraordinary high-rate 
long-cycle performance materials for Li-ion batteries, such as graphene-anchoring 
anodes TiO2 [175], Mn3O4 [176], SnO2 [177, 178], Fe3O4 [179, 180], Co3O4 [181], 
and olivine-structured LiMn(1-x)Fe(x)PO4 [182]. However, there are limited works on 
the use of graphene sheets in complex-composition layered materials since high 
temperature calcination is used in the fabrication of the oxides in an oxygen 
atmosphere. High temperature calcination would lead to drastic oxidation loss of 
graphene [183]. Therefore, only mechanical mixture between LiNi1/3Co1/3Mn1/3O2 
and reduced graphene oxide (rGO) has been accomplished [184, 185]. To take 




simple strategy to wrap graphene oxide (GO) onto Li(Li0.2Mn0.54Ni0.13Co0.13)O2 
powder particles has been adopted in the present work. The obtained composites are 
further heat-treated at two different temperatures in order to investigate the influence 
of annealing temperature on the electrochemical performance. 
5.2 Material Preparation 
The layered Li-rich Li(Li0.2Mn0.54Ni0.13Co0.13)O2 (LLNCM) cathode was synthesized 
by a spray dryer assisted sol-gel method. The preparation of graphene-modified 
LLNCM is described as follows. The water soluble GO was prepared by a modified 
Hummers method [186-189]. To wrap GO onto the surface of the bare LLNCM 
particles, a modified methodology based on reference [189] was applied. Firstly, 0.3 
g of the as-prepared LLNCM was immersed into 30mL polyallylamine 
hydrochloride (PAH) solution (1g·L-1) for 1h with continuous stirring. The resultant 
powder was separated using centrifuge, and washed for 3 times using deionized 
water followed by immersing into 15 mL of GO aqueous solution (2 g·L-1), stirred 
for another 5 h. The powder after washing was then immersed into L-ascorbic acid 
(LAA) aqueous solution at 95 °C for 30 mins with stirring. Finally, the powder was 
dried overnight at 80 °C, and is designated as LLNCM/GO. The as-prepared 
LLNCM/GO powders were respectively heat treated at 250 °C (designated as 
LLNCM/G-250) and 350 °C (designated as LLNCM/G-350) for 2 hours in air. To 
study the influence of LAA on LLNCM, the bare LLNCM was also treated with 





5.3 Crystallographic Characterization 
 
Fig. 5.1 XRD patterns with Raman profiles of as-prepared LLNCM and modified 
samples (LLNCM/350 (LLNCM sample only heat-treated at 350°C), LLNCM/GO, 
LLNCM/G-250 and LLNCM/G-350). 
 
Fig. 5.2 XRD pattern of LLNCM/LAA-350 sample including a spinel-like phase 




Fig. 5.1 shows the XRD patterns of all samples. Bare LLNCM exhibits a typical 
layered diffraction pattern which could easily be indexed to trigonal R-3m symmetry 





 are well-known as a consequence of unique LiMn6 ordering in 
transition metal layers [190]. Such observation is accompanied with the existence of 
nano-domain Li2MnO3 integrated into compatible LiNi1/3Co1/3Mn1/3O2. After surface 
treatment by GO, the strongest (003) peaks from both LLNCM/G-250 and 
LLNCM/G-350 samples are slightly shifted to lower diffraction angle while no 
change was observed from LLNCM/GO and LLNCM/350 samples. Additionally, the 
(101) peaks located at about 36.90
o
 for all heat-treated samples become broad 
compared to LLNCM and LLNCM/350 samples. Furthermore, the apparent humps 
close to (101) peak only observed in LLNCM/G-250 and LLNCM/G-350 are similar 
to the diffraction from spinel structures, such as (311) in LiNi0.5Mn1.5O4 (JCPDS: 
32-581) and (211) in Li2Mn2O4 (JCPDS: 38-299). The relative intensities between 
(020)monoclinic and (110)monoclinic peaks for both LLNCM/G-250 and LLNCM/G-350 
samples become stronger than those in other samples, which may imply a 
rearrangement of atoms in the Li2MnO3-like component at surface regions after heat 
treatment of LLNCM wrapped with GO in air. Although such diffraction of 
spinel-ordering was also observed from LLNCM/LAA-350 sample (as shown in Fig. 
5.2), it is not as obvious as that in LLNCM/G-350. Raman spectroscopy 
characterization was also carried out to monitor this structural change. As can be 




sample, the peaks from LLNCM/G-250 and LLNCM/G-350 samples are shifted to 
higher frequencies after heat treatment. Comparing the shifted Raman peaks with a 
typical 640 cm
-1
 peak of the LiNi0.5Mn1.5O4 spinel-phase, it is also suggested that 
surface spinel-like layers emerge as a result of graphene-involved surface 
modification after subsequent heat treatment. Based on the synthesis procedures of 
LLNCM/GO composite and the following annealing process, four possible 
mechanisms contributing to formation of spinel structure are here proposed. (1) The 





 which is common in acid solutions [105, 191]. H
+
 is 
unstable at an elevated temperature and tends to be released. The removal of H
+
 ions 
from surface lattice leads to formation of Li vacancies, as a consequence resulting in 










(2) Not only LAA provides acidic environment, but also GO can gradually generate 
acidic functional groups through interaction with water according to a recent work 
on GO [192]. In other words, the removal of Li may also be ascribed to the existence 
of GO in water solution. (3) As reduced GO is another form of carbon, it may lead to 
reduction effects on transition metals with high oxidation states, especially Mn
4+
. 
Since conventional spinel LiMn2O4 contains lower state Mn
3.5+
, such reduction 
effects may also contribute to spinel formation. Evidence of valance decrease of Mn 
after the annealing process has been observed in the present work, which will be 




still in the form of layer because kinetic energy is not high enough to overcome the 
transformation barrier at room temperature. Thus, post annealing process is critical 
and essential for rearrangement of defective layered-structure by vacancy diffusion 
as well as transition metals. 
 
Fig. 5.3 (a) TGA plots of LLNCM, LLNCM/GO, LLNCM/G-250 and 
LLNCM/G-350 powders, (b) DSC profiles of LLNCM/GO, LLNCM/LAA and 
LLNCM powders (Heating rate = 5 °C/min in an air atmosphere). 
Fig. 5.3 (a) shows thermogravimetric analysis (TGA). There is no mass loss from the 
bare LLNCM during the heating while LLNCM/G-250 and LLNCM/G-350 samples 
show a small visible mass loss. For LLNCM/GO material, a relatively small loss 
below 100 °C is due to evaporation of H2O molecules. A drastic mass loss took place 
between 200 and 300 °C caused by the decomposition of oxygen-containing groups. 
This observation also indicates that LLNCM/GO sample after LAA treatment still 
contains oxygen groups. However, the observation of TGA feature of both 
LLNCM/G-250 and LLNCM/G-350 samples agrees well with the results from 
reduced GO [193, 194], suggesting that oxygen-containing groups in LLNCM/GO 




oxygen containing group takes place between 200 and 300 °C, slightly higher mass 
loss for LLNCM/G-250 sample than that of LLNCM/G-350 is obviously caused by 
further reduction process during TGA tests. To investigate the possible solid state 
reactions during post annealing process, DSC curves were recorded on bare LLNCM, 
LLNCM/LAA and LLNCM/GO powders (Fig. 5.3 (b)). As can be seen, no 
exothermic reactions were observed for bare powders while one apparent exothermic 
peak with a broad shoulder could be observed at around 227 °C for LLNCM/LAA 
sample. Such observations are reasonably attributed to de-lithiated state of such 
compound in which hydrogen and oxygen loss and/or phase transition may possibly 
occur at such a low temperature [195]. Compared to LLNCM/LAA, LLNCM/GO 
reveals similar exothermic reaction at about 232 °C but with higher amount of heat 
release due mainly to two reasons: (1) the decomposition effects caused by GO in 
the composite structure [196], and (2) the greater extent of de-lithiated state caused 
by further acid influence of GO as the only difference between LLNCM/GO and 
LLNCM/LAA samples in the synthesis is the presence of GO. Most importantly, all 
of these powders exhibit much less total release of heat compared to other types of 
measurements [197], which implies that the exothermic reactions may occur only in 
the regions of particle surfaces. 
A typical morphology of bare LLNCM is shown in Fig. 5.4. As can be seen, the bare 
LLNCM has uniform distribution of particle size with clear facets. After wrapping 
with GO, the LLNCM particles seem to be bridged together (Fig. 5.4 (b)). High 




Such plate-like composite structure could be sustained after a proper heating process 
at 250 °C (Fig. 5.4 (d)). Closer observation on the plate surface reveals a firmly 
interacted feature between oxide particles and graphene sheets (Fig. 5.4 (e)). 
Comparing Fig. 5.4 (a) with 5.4 (f), it is also interesting to note from Fig. 5.4 (f) that 
LLNCM/G-350 particles do not show clear facets instead of formation of secondary 
particles with the primary particle size of about 40 nm.  
 
Fig. 5.4 SEM images: (a) LLNCM powder, (b) and (c) LLNCM/GO powder, (d) and 
(e) LLNCM/G-250 powder, and (f) LLNCM/G-350 powder. 
 
Fig. 5.5 SEM images of LLNCM/LAA-350 powders in which the arrows indicate 





The change in size and morphologies of particles is clearly associated with the 
process of wrapping GO and the following heat treatment which may induce 
recrystallization of the original particles. Note that no recrystallization has been 
observed in LLNCM/LAA-350 sample (Fig. 5.5). 
 
Fig. 5.6 Bright field TEM images of (A) LLNCM particles, (B) LLNCM/GO 
composite with surface wrapped GO, (C) LLNCM/G-350 composite with reduced 






Fig. 5.7 Particle size distribution of bare Li(Li0.2Mn0.54Ni0.13Co0.13)O2. 
TEM image in Fig. 5.6 (A) shows that the average particle size of bare LLNCM is 
107 nm (The size distribution graph is shown in Fig. 5.7). The particles are tightly 
covered by GO throughout the composite structure in LLNCM/GO sample (Fig. 5.6 
(B)). Energy dispersive X-ray spectroscopy (EDS) with elemental mapping was also 
carried out to confirm the distribution of LLNCM particles as well as the graphene 
oxide sheets in the composite structure with respect to LLNCM/GO sample.  
 






Fig. 5.9 TEM image and corresponding carbon, manganese, nickel and cobalt 
elemental mapping of LLNCM/GO composite. 
As shown in Fig. 5.8, the comparable appearance of elemental dots between carbon 
and oxygen confirms that in a large micrometer scale, graphene oxide sheets 
construct a framework to aggregate LLNCM particles inside. As the dimensional 
scale reduces from micrometer to nanometer, the enlarged LLNCM particles are 
further confirmed to be embedded on the graphene oxide sheets, as represented from 
TEM-EDS results of Fig. 5.9. However, after heat treatment at 350 °C, the 
well-crystallized feature of the faceted LLNCM particles (Fig. 5.6 (A)) disappeared 
instead of observation of irregular surface aggregation of recrystallized particles (Fig. 
5.6 (D)) as well as partially remained graphene sheets (Fig. 5.6 (C)). Such 




bare facets is consistent with SEM results (Fig. 5.4 (f)).  
 
Fig. 5.10 HRTEM and EDP identification of two phases of LLNCM/G-350 particles. 
A. Low magnification TEM bright field image of composite nanostructure. B. 
Electron diffraction pattern (EDP) corresponding to Panel A. C. The index to the 
electron diffraction rings in Panel B showing two kinds of phases, i.e., layered 
triclinic structure and spinel cubic structure. D. HRTEM image showing the outside 
of layered nano particles of LLNCM attached with very small size 
recrystallized-spinel-domain. Fast flourier transformation (FFT) to Panel D is shown 
in Panel E which is indexed as in Pane J. It is noticed that this area composes with 
two structures of LLNCM as indicated by electron diffraction ring in Panel B. 
Further FFT images for sub areas as shown in Panel G and H tell the spatial 
relationship between them. Panel F and I are the indexing results for FFT images H 
and G, respectively. 
Detailed lattice information is revealed using HRTEM and EDP. As shown in Fig. 
5.10, two structures within LLNCM/G-350 particle could be identified: the layered 
triclinic structure with parameters a = b = 0.284 nm; c = 1.44 nm, beta = 101.16 and 




observations, it is reasonable to suggest that such modification induces surface 
transformation on the surfaces of the LLNCM particles from a layered structure to 
spinel-like domains after heat treatment. This HRTEM observation agrees well with 
previous XRD and Raman results (Fig. 5.1), which confirms the surface 
transformation from layered component to cubic-spinel domains after this surface 
modification. 
5.4 Electrochemical Properties 
5.4.1 Galvanostatic Charge/Discharge Behaviors 
The first charge/discharge curves and coulombic efficiency with or without GO 
modification at 0.05 C are shown in Fig. 5.11. The charge and discharge capacities of 
LLNCM cathode are respectively 371 mAh·g-1 and 284 mAh·g-1 with only 76.5 % 
coulombic efficiency. After wrapping with GO, LLNCM/GO cathode shows reduced 
charge and discharge capacities of 307 and 268 mAh·g-1 but with increased 
coulombic efficiency of 87.3 %. It is interesting to note that after heat treatment of 
LLNCM/GO, an obvious 2.8 V discharge plateau is observed, which is commonly 
believed to be associated with redox reaction of spinel [198]. It is also noted that the 
discharge capacity and the first coulombic efficiency are respectively increased to 
295 mAh·g-1 and 100 % for LLNCM/G-250, and 313 mAh·g-1 and over 100 % for 
LLNCM/G-350, which implies that the as-synthesized LLNCM/G-250 as well as 





Fig. 5.11 First charge/discharge curves and coulombic efficiency of LLNCM, 
LLNCM/GO, LLNCM/G-250 and LLNCM/G-350 cathodes cycled between 2.0 and 
4.8 V at 12.5 mA·g-1(0.05 C). And first discharge curves from OCP to 2.0 V started 
from fresh cells containing these cathodes at 50 mA·g-1. 
To confirm this, the as-synthesized LLNCM/G-250 and LLNCM/G-350 were firstly 
discharged to 2.0 V from OCP state. It is clear from Fig. 5.11 that there is no 
discharge capacity for both LLNCM/GO and LLNCM cathodes. However, the first 
discharge capacities of the heat treated LLNCM/G-250 and LLNCM/G-350 are 
respectively 47 and 53 mAh·g-1 with a potential plateau at about 2.8 V. On the other 
hand, it has been understood that the potential plateau at 4.5 V in the first charge is 




first charge capacity from 4.5 V plateau is 250 mAh·g
-1
 and it is apparently reduced 
to 192 mAh·g
-1
 for LLNCM/G-350 sample. In a similar Li-rich system, Dahn’s 









 that provide electrons and below 3.5 V due 




(0 < x < 1). Based on a similar assumption, 3.5 V 
is used as a separation point to convert the contribution of discharge capacities into 





x < 1) redox. Correspondingly, the discharge contributions from lower 3.5 V part 
which is reasonably associated with relithiation of MnO2 as a result of activated 
Li2MnO3 is increased from 149 mAh·g
-1 
(LLNCM) to 198 mAh·g-1 (LLNCM/G-350). 
Based on these observations, it is reasonable to conclude that the significantly 
increased discharge capacity must be caused by two reasons, one of which is 
correlated with the surface transformation from Li2MnO3-like component to 
spinel-like phases, leading to a reduced 4.5 V plateau but an increased 2.8 V plateau. 
Another reason could be the enhanced electronic conductivity caused by remained 
surface graphene. 
On the other hand, based on the charge/discharge curves of LLNCM/LAA and 
LLNCM/LAA-350 samples as shown in Fig. 5.12, such transformation is the 
combined consequence of LAA and the following heat treatment since the 2.8 V 





Fig. 5.12 First and second charge/discharge curves of LAA-bare and LAA/350-bare 
samples cycled between 2.0 and 4.8 V at 50 mA·g-1(0.2 C). 
5.4.2 Cyclic Voltammetry 
Fig. 5.13 (a) shows the CV profiles of all the materials during the first cycle at a 
sweep rate of 0.1 mV·s-1. During the first cycle,  the first anodic peaks of all the 
samples are located at about 4.1 V associated with Ni and Co oxidation processes 
while the second anodic reactions of different materials peak at different potentials. 
The peak above 4.5 V is predominantly associated with oxygen release as well as Li 
extraction from Li2MnO3 component. For the LLNCM/GO sample, the peak shifts to 
a higher potential. On the contrary, anodic peaks of LLNCM/G-250 and 
LLNCM/G-350 are shifted to lower potentials. Furthermore, the cathodic reactions 
show more complex reduction process with several peaks correlated with reinsertion 




above 3.5 V, the apparent 3.2 V peak (marked with × in Fig. 5.13 (a) – 5.13 (e)) 




 in transformed Li1-xMnO2. 
In addition, the 2.7 V cathodic peak (marked with * in Fig. 5.13 (a), (d) and (e)) only 
observed in LLNCM/G-250 and LLNCM/G-350 materials is likely to be caused by 
surface spinels, as also observed in CV profiles from other researchers [105]. Fig. 
5.13 (b) - (e) show CVs from second to fifth cycle of different materials. Comparing 
LLNCM with LLNCM/GO, anodic/cathodic reactions are similar, indicating that 
simply wrapping of GO on bare particle has less effect on redox reaction. As a 
consequence of the first cycle, a clear redox pair located at 4.0 V in charge and 3.2 V 
in discharge with a shift during cycles is likely to be ascribed to bulk phase 
transformation from layered to spinel, as suggested by many research groups 
[198-200]. Another redox pair detected only in LLNCM/G-250 and LLNCM/G-350 
samples at 3.0 V (anodic) and 2.7 V (cathodic) is due to the redox reactions of spinel 
structure in the surface region [105, 201]. In addition, this pair of peaks for 
LLNCM/G-350 is stronger than that of LLNCM/G-250, suggesting that 
LLNCM/G-350 contains more transformed spinels in surface regions. This is also 






Fig. 5.13 Cyclic voltammograms of (a) first cycle of all electrodes, second to fifth 
cycle of (b) LLNCM, (c) LLNCM/GO, (d) LLNCM/G-250 and (e) LLNCM/G-350. 
5.5 Discussions on Enhanced Rate Capability Led by Phase 
Transformation 
 
Fig. 5.14 Schematic illustration of wrapping GO and the effects of following heat 
treatment. 




schematically represents the wrapping process of GO onto particles and the 
following transformation effects due to heat treatment. As a result, the final product 
comprises of unique Li-rich particles with surface spinels covering inner layered 
domains and graphene sheets wrapping those particles. Such composite structure 
may facilitate Li transportation by the existence of surface spinels as well as 
excellent electron conduction by the help of graphene sheets. 
5.5.1 XPS Analysis 
 
Fig. 5.15 XPS spectra for LLNCM, LLNCM/GO, LLNCM/G-250 and 
LLNCM/G-350, as indicated by A, B, C and D, respectively. Black solid, blue solid 





Fig. 5.15 shows the XPS spectra of C 1s, O 1s, Li 1s, Mn 2p, Ni 2p and Co 2p orbital 
of the bare and modified samples. All curve fittings were based on C 1s (C-C bond) 
calibration to 284.5 eV. As shown in C 1s spectra, the bonding energies of 285.5, 
288.2 and 289.7 eV for LLNCM/GO powder which can be assigned to C-OH, C=O 
and O=C-OH functional groups [202] are much stronger than bare and heat-treated 
powders, indicating presence of GO with oxygen-containing groups on the surfaces 
of the powders. After heat treatment, both of the C-OH and C=O bonds were still 
detectable but the intensities for LLNCM/G-250 and LLNCM/G-350 powders were 
weaker. The similar trends could be observed in O 1s spectra that C-O (531.9 eV) 
and C=O (533.5 eV) bonds [203, 204] for LLNCM/GO are stronger than others. 
Additionally, it is interesting to note that the ratio of O-Mn bond (529.3 eV) relative 
to O-Ni (529.6 eV) plus O-Co (529.9 eV) bonds [67, 205] is higher in 
LLNCM/G-250 and LLNCM/G-350 powders compared to bare LLNCM, which 
could be understood by the relatively high content of Mn on the surface of the 
particles. On the other hand, both LLNCM/G-250 and LLNCM/G-350 samples 
exhibit lower intensity of Li 1s peak than that of bare LLNCM, indicating lower 
content of Li atoms on surface. It is also noted that the Li 1s peak which is supposed 
to be at 54.2 eV for the bare LLNCM sample is shifted to a lower binding energy of 
53.8 eV after heat treatment. In fact, Li 1s binding energy of spinel-LiMn2O4 is 53.6 
eV which is lower than layered-LiNiO2 at 54.3 eV [205]. For Mn 2p spectra, 
comparing the LLNCM/G-250 and LLNCM/G-350 samples with the bare LLNCM, 




is consistent with the observation in Mn 3p orbital, as shown in Li 1s spectra. In 
comparison, no obvious change in oxidation states for Ni and Co is identified. In all, 
these observations agree well with the assumption of surface transformation. For 
example, spinel-LiMn2O4 has relatively-low content of Li compared with 
layered-Li2MnO3 and the valence state of Mn in the former is 3.5 while is 4 in the 
latter. 
Chemical analysis using XPS reveals a ratio of Li : TM (Mn, Ni and Co) on the 
powder surfaces to be close to 1 : 1 for bare LLNCM while it changes to almost 1 : 2 
for modified samples, indirectly implying possible spinel structure. The O content is 
difficult to be accurately detected due to GO and reduced GO on surface. Moreover, 
the increased ratio between Mn and Ni (Co) (higher than 0.54 : 0.13 : 0.13) in 
LLNCM/G-250 and LLNCM/G-350 implies the possible presence of defect-spinel 
domains on the surfaces, as shown in Table 5.1. 
Table 5.1 Surface quantification of chemical composition for LLNCM, LLNCM/GO, 




Mn Ni Co Total 
Bare 1.01 0.53 0.23 0.23 0.99 2.8 
GO-bare 0.76 0.68 0.34 0.22 1.24 5.3 
250G-bare 0.66 0.94 0.25 0.16 1.35 3.1 




5.5.2 Cycling Performance and Enhanced Rate Capability 
 
Fig. 5.16 Cycle performance of LLNCM and modified materials at different C rate: 
(a) 0.2 C, (b) 10 C (same current densities for charge/discharge), (c) 10 C charge and 
1 C discharge and (d) incremental C rates of 0.2, 1, 2, 5 and 10 C (same current 
densities for charge/discharge) cycled between 2.0 and 4.8 V at room temperature 
where 1 C stands for 250 mA·g-1. 
Fig. 5.16 shows the cycle performance of all materials at different rates. At 0.2 C, 
both LLNCM/G-250 and LLNCM/G-350 samples show improved initial discharge 
capacities of 262 and 268 mAh·g-1 compared to 253 mAh·g-1 of the LLNCM sample, 
while all the materials exhibit similar capacity retention (Fig. 5.16 (a)). Even though 
the particle surface has been modified by GO, such defect surfaces are still sensitive 
to the corrosive environment by HF and the strong oxidisability of electrolyte at a 




been apparently improved because no protection layers have ever been formed 
through such modification. 
On the other hand, although at a low rate of 0.2 C, LLNCM/GO and LLNCM 
samples show almost the same capacities, after gradual activation in initial cycles at 
0.2 C this LLNCM/GO material is capable of delivering improved capacity than bare 
LLNCM in following high rate cycles (Fig. 5.16 (d)), possibly due to reduction of 
GO electrochemically to reduced GO by formation of Li2O during cycling [180, 206]. 
Among all samples, both LLNCM/G-250 and LLNCM/G-350 show remarkably 
high-rate performance. At 10 C rate (2500 mA·g-1) of charge/discharge test, both 
LLNCM/G-250 and LLNCM/G-350 samples respectively exhibit superior discharge 
capacities of 172 and 168 mAh·g-1 after initial activation (Fig. 5.16 (b)). Fig. 5.16 (c) 
shows even higher charge capacity of 201 mAh·g-1 for LLNCM/G-350 sample (100 
mAh·g-1 of bare LLNCM sample) which was charged at 10 C and discharged at 1 C 
rate after a forming cycle (charge/discharge curves are shown in Fig. 5.17). As 
reported in references [183, 207], both the Li-rich cathode / GO composites have 
been prepared by mechanical mixing. However, the present LLNCM/GO composite 
has been achieved using a chemical route. Most importantly, this chemical route 
leads not only to tightly-wrapped rGO but also to transformed spinels on the particle 
surfaces. As a result, superior rate capability, i.e. 125 mAh·g
-1
 at 10 C for 
LLNCM/G-350 in rate cycling test as shown in Fig. 5.16 (d) could be achieved 
compared to 75 mAh·g
-1
 at 9 C [207] and 30 mAh·g
-1
 at 5 C [183]. Such significant 




transportation going through the unique 3D-diffusion paths in spinel-framework, but 
also shortens the diffusion path since the primary particle size was significantly 
reduced to 40 nm after heat treatment, as shown in Fig. 5.4 (f). Another reason could 
be the further reduction of GO during annealing. 
 
Fig. 5.17 10C-charge/1C-discharge curves after a first forming cycle of 
LLNCM/G-350 and LLNCM samples cycled between 2.0 and 4.8 V where 1 C 
corresponds to 250 mA·g-1. Red cycles indicate the various polarization effects 
caused by the high charging rate of 10 C. 
Even though much works have been done to support the transportation of transition 
metals to Li layers during a deep delithiation process, the possibility that the 
transferred transition metals may block the diffusion path of Li is just an assumption, 




the enhanced charging capability in the present case must be associated with the first 
reinsertion of Li into surface-spinel framework as indicated by both Figs. 5.17 and 
5.18. Otherwise, the significant polarization effect caused by high C rate will lead to 
no peak at around 3.0 V. 
From the present results, it is proposed that such enhancement to be due to 
surface-spinel formation. Firstly, layered structure possesses 2-D diffusion path (in 
the plane of Li layers) while spinel has 3-D, which means Li ions may initiate other 
diffusion paths rather than only in Li layers in the surface regions. Secondly, because 
of the presence of oxygen vacancies in the spinel lattice, such defect structures may 
assist to fast transportation of Li and electron. 
 
Fig. 5.18 Charge/discharge curves (a) and corresponding dQ/dV plots (b) of 
LLNCM/G-350 sample obtained from same testing as Fig. 5.14 (d). Symbol * 




According to a recent discovery by Gu et al. [100], the rate performance of Li-rich 
Li(Li0.2Ni0.2Mn0.6)O2 is probably affected by selective surface segregation of 
particles where their facets prefer to terminate at transition metal layers. However, 
the fast Li diffusion channels in these layers are almost perpendicular to the channels 
inside the particles, which means this material is surface dominant for consecutive 
diffusion of Li. Such surface dominant behavior has also been observed by other 
groups, where a spinel formation on the particle surface after (NH4)2SO4 treatment 
[105] or AlF3 coating [167] has also been suggested.  
5.5.3 Analysis Based on Discharge Curves and dQ/dV 
Fig. 5.19 shows the discharge curves with corresponding dQ/dV plots for different 
materials after various cycles at a current density of 50 mA·g-1. The discharge 
capacities at various cycling states are summarized in Table 5.2. The first discharge 
capacity of LLNCM is 253 mAh·g
-1
 and it gradually reduces to 181 mAh·g
-1
 after 50 
cycles with 71.5 % retention. With incorporation of GO, LLNCM/GO delivers a 
lower initial discharge capacity of 238 mAh·g
-1
, while it improves the capacity 
retention to 79.4 % with 189 mA·hg
-1
 for the 50
th
 cycle. Due to further reduced GO 
in addition to surface spinels formed in post annealing process, LLNCM/G-250 and 
LLNCM/G-350 not only deliver higher initial capacity, i.e. 262 and 268 mAh·g
-1
, but 
also enhance capacity retention to 74 % and 75.7 % respectively compared to bare 
LLNCM. These observations suggest a certain degree of protection effects as a result 




Al2O3 [108] or AlF3 [208]. On the other hand, comparing LLNCM with LLNCM/GO, 
the change in discharge profiles has been suppressed due probably to the existence of 
GO on particle surfaces. This is also confirmed by dQ/dV plots that the shift of 3.2 V 
peak during 50 cycles for LLNCM/GO is not as significant as the counterpart of 
LLNCM, which has shifted to lower than 3.0 V at the end of 50 cycles. On the 
contrary, such suppression seems to disappear while it has inverse effects for heat 
treated LLNCM/GO material. As can be seen from LLNCM/G-250 and 
LLNCM/G-350 results that the 1
st
 discharge curve exhibits lower voltage compared 
to bare LLNCM as well as an appearance of spinel plateau (as labeled by Sp-Mn
4+/3+
) 
[99]. The two plateaus become even more distinguished after 50 cycles whereas 
LLNCM/GO does not show clearly the two plateaus after 50 cycles. Another 
interesting observation from Fig. 5.19 is that both LLNCM/GO and LLNCM 
samples experience quite similar phase transformation process as indicated by the 
three individual arrows in dQ/dV plots. However, the respective locations of redox 
peaks as well as the evolution paths (as indicated by the four arrows) for both 
LLNCM/G-250 and LLNCM/G-350 samples are totally different, suggesting more 





Fig. 5.19 Discharge curves with corresponding dQ/dV plots for LLNCM, 
LLNCM/GO, LLNCM/G-250 and LLNCM/G-350 materials cycled between 2.0 and 
4.8V at 50 mA·g-1 rate, 3.5V is recognized as a knee point of different plateaus. 
Table 5.2 Charge/discharge capacities at various cycling states of LLNCM, 
LLNCM/GO, LLNCM/G-250 and LLNCM/G-350 cathodes cycled between 2.0 and 


































Ch Dis Ch Dis Ch Dis Ch Dis Ch Dis 
LLNCM 300 253 247 243 247 243 217 216 181 181 
LLNCM/GO 263 238 250 244 241 237 203 201 191 189 
LLNCM/G-250 261 262 262 257 257 252 232 229 197 194 




5.5.4 Analysis Based on EIS 
 
Fig. 5.20 Equivalent circuit and EIS spectra of fresh cells containing LLNCM, 
LLNCM/GO, LLNCM/G-250 and LLNCM/G-350 cathode materials. Symbols show 
experimental data while continuous lines represent fitting results obtained from 
equivalent circuit shown inside. 
Fig. 5.20 shows the EIS spectra of all samples prior to electrochemical cycles. An 
equivalent circuit  was obtained by fitting the experimental data, where RΩ is the 
uncompensated ohmic resistance between cathode and anode in the cell system, Rs is 
resistance of Li ion diffusion in the region of surface layer of one particle, Rct is 
charge transfer resistance and Zw is correlated with solid-state diffusion of Li ions in 
the bulk crystal [209]. As shown in Fig. 5.20, Rs measured from fresh cells follows 
sequence: LLNCM/GO > LLNCM > LLNCM/G-250 > LLNCM/G-350 (547Ω > 
386.7Ω > 185.4Ω > 112.3Ω). It clearly shows an evidence that the surface 
modification by graphene-involved surface treatment results in improved diffusion 
ability of Li ions of particles in surface regions. This could be understood by surface 




work or the collapse of those negative influences due to transition metal layers 
terminated at particle surfaces [100]. Above all, such EIS results reveal that the 
LLNCM/G-350 with LLNCM/G-250 materials possess better rate performance, 
which agrees well with electrochemical testing results. 
Fig. 5.21 also shows a typical Nyquist plot of LLNCM/GO sample after different 
cycles. The high values of both Rs and Rct resistances corresponding to two 
semicircles for the first cycle could be explained by surface wrapped GO. 
Interestingly, both the resistances are drastically decreased after 20 then 50 cycles 
compared to the values of the first cycle. The gradual reaction between 
oxygen-containing groups on graphene and Li ions, which leads to increase in 
surface electronic conductivity could be responsible for such decrease [179, 210]. 
However, the conductivity was reduced due to growth of inactive SEI layer and 
surface corrosion of particles after 100 cycles. 
 









 cycles. Before EIS measurement, the half cell was charged to cutoff voltage of 
4.8 V, then discharged to 3.5 V at 0.05 C, and held at 3.5 V for 3 h. In between the 
two individual cycles, 2 C current density was used to cycle the half cell. 1 C stands 





In summary, it can be seen that Li-rich Li(Li0.2Mn0.54Ni0.13Co0.13)O2 has been 
successfully synthesized using a modified sol-gel method. A simple chemical 
approach has been used to wrap GO onto Li-rich cathode particles. Various 
characterizations reveal that the post annealing of GO wrapped material leads to a 
transformation from original layered to spinels on the surface of powder particles. 
Electrochemical tests demonstrate that such surface-treated composite structure has 
high coulombic efficiency of the 1
st
 cycle and enhanced rate performance, for 
example 201 mAh·g-1 at 10 C charge (2500 mA·g-1) for LLNCM/G-350 sample. EIS 
measurement shows that such enhancement can be attributed to reduced charge 
transfer resistance caused by wrapped graphene as well as formation of spinel 
structure which facilitates Li diffusion in a unique 3D-diffusion path in surface 
regions. This graphene-involved surface treatment is believed to be applicable to the 
family of layered Li-rich Mn-based cathode materials with superior electrochemical 




CHAPTER 6. CARBON BLACK-INVOLVED 
SURFACE TREATMENT ON LI-RICH LAYERED 
CATHODES 
6.1 Motivation of the Modification Strategy 
As an important route to achieve the formation of surface spinels in layered 
xLi2MnO3·(1-x)LiMO2 compounds, an acidic environment is required when 
modifying the surface of particles. It is widely accepted that the acidic environment 





, leading to Li vacancies in layered framework [191, 211]. 
Similar observations in both (NH4)2SO4 [105] and AlF3 [167] surface treatments 




 exchange reaction is 
necessary to lead to spinel transformation in surface regions of Li2MnO3-contained 
layered particles. One of the possible reasons could be the instability of Li2-xHxMnO3 
where the transformation tends to take place at a high temperature. As demonstrated 
in chapter 5, although the acidic environment contributed from both LAA and GO 
aqueous solution could be the main reasons leading to spinel formation, another 
interesting question may have arisen for the first time. Could carbon source also 
contribute to spinel formation in Li-rich Li2MnO3-contained layered cathodes? To 
this end, in this work, carbon black (Super P) was used to modify 




capability as well as cyclability of the modified sample is significantly improved. 
Most surprisingly, the carbon source is reasonably believed to contribute to spinel 
formation in the present study based on careful investigations using TGA, XRD, 
XPS, HRTEM and electrochemical characterizations. 
6.2 Material Preparation 
The layered Li-rich Li(Li0.2Mn0.54Ni0.13Co0.13)O2 (LLNCM) cathode was synthesized 
by a spray dryer assisted sol-gel method. In a typical process, the as-prepared 
LLNCM powder (1 g) was mixed with different weight ratios of Super P in the 
solution of NMP (50 mL) with help of ultrasonic dispersion for 30 min followed by 
constant stirring for overnight at room temperature. According to the different 
weight ratios applied to treat LLNCM, 5 wt.%, 10 wt.% and 30 wt.% treated samples 
are designated as SP-5, SP-10 and SP-30, respectively. After stirring, the blend was 
dried at 130 °C for 12 h in air to evaporate NMP solvent. Then, the obtained powder 
was heated at 350 °C for 2 h with 5 °C·min-1 heating rate in air. 
6.3 Crystallographic Characterizations 
Fig. 6.1 shows the powder XRD patterns of the LLNCM before and after surface 
treatment using various amounts of Super P. Although all the strong peaks could be 
indexed to a rhombohedral phase with R-3m symmetry which is normally taken as 
the signature of LiMO2 phase, several weak peaks located in the range of 20 - 23°are 




symmetry, as distinguished by “R” and “M” subscripts in Fig. 6.1. Detailed 
comparison of peak change or shift could be found in the selective patterns in the 
range of 17.5 - 20° and 35 - 40°. 
 
Fig. 6.1 Powder XRD patterns of pristine, SP-5, SP-10 and SP-30 samples with a 
comparison of corresponding lattice parameters obtained by Rietveld refinement. 
Table 6.1 Lattice parameters of Li(Li0.2Mn0.54Co0.13Ni0.13)O2 before and after surface 
treatment with various amounts of Super P followed by annealing at 350 °C. 
 a (nm) b (nm) c (nm) c/a Vol (nm
3
) Rwp 
Pristine 0.28663 0.28663 1.43121 4.993 0.1018 9.5 
SP-5 0.28665 0.28665 1.43101 4.992 0.1018 8.1 
SP-10 0.28670 0.28670 1.43097 4.991 0.1019 9.0 





Compared to the pristine sample, the main (003)R/(001)M peak is slightly shifted to a 
higher degree in the case of SP-30 while the peaks for SP-5 and SP-10 samples 
barely move. On the other hand, two clear humps besides (003)R and (101)R peaks 
are easily identified in SP-30 sample, which is reasonably deduced as an evidence of 
spinel formation because similar features of peak shoulders emerged in the 
layered-layered-spinel LixMn0.65Ni0.35Oy system [212] and 
Li1+x(Ni0.25Co0.125Mn0.625)O2.19+x/2 system [168]. However, it is difficult to conclude a 
comparable spinel formation in the case of both SP-5 and SP-10 samples just 
according to XRD patterns. Therefore, Rietveld refinements within R-3m phase were 
conducted using General Structure Analysis System (GSAS) software [213] to 
indicate the variations from the view of lattice parameters. The refinement results are 
summarized in Table 6.1. The lattice constant a in the unit cell slightly increases 
from 0.28663 nm (pristine) to 0.28674 nm (SP-30) through 0.28665 nm (SP-5) and 
0.28670 nm (SP-10). On the contrary, the lattice constant c gradually decreases from 
1.43121 nm (pristine) to 1.43069 nm (SP-30) through 1.43101 nm (SP-5) and 
1.43097 nm (SP-10). The trends of lattice constant evolution are represented also in 
Fig. 6.1. Such consecutive changes in the unit cell of layered lattice are believed to 
be associated with the surface treatment led by Super P, furthermore with an 
increasing amount of formation of spinel-like ordering phase because analogous 
variation trends in lattice constants in case of acid-treated 
0.5Li2MnO3·0.5LiNi0.44Co0.25Mn0.31O2 have been previously observed [191], 




consequences of spinel formation after post annealing process in this layered-layered 
system. 
 
Fig. 6.2 SEM and TEM images of (a) pristine, (b) SP-5, (c) SP-10 and (d) SP-30 
powders. The brighter spheres with smaller particle size compared to LLNCM are 
the remained Super P particles after post-annealing process at 350 °C. 
 
Fig. 6.3 TGA plots of pristine, SP-5, SP-10 and SP-30 powders. (Heating rate = 




The morphologies of the LLNCM powders before and after surface treatment are 
compared in Fig. 6.2. A uniform distribution of highly-crystallized particles which 
are about 200 nm could be observed from Fig. 6.2 (a). After surface treatment, not 
only the modified LLNCM particles but also a certain amount of carbon spheres 
with brighter appearance are easily identified in all of the SP-5 (Fig. 6.2 (b)), SP-10 
(Fig. 6.2 (c)) and SP-30 (Fig. 6.2 (d)) samples. Not surprising, since the post 
annealing temperature applied to all the samples is 350 °C which leads to only 
partial oxidation of carbon black in the air atmosphere from the blends as confirmed 
by TGA analysis (Fig. 6.3) and the inset of Fig. 6.2 (d). 
HRTEM was also employed to investigate the atomic changes of the SP-30 powder 
after surface treatment. As shown in Fig. 6.4 (A), the low magnification TEM bright 
field image not only reveals the aggregation effects between the LLNCM particles 
and carbon spheres, but also shows smooth facets of crystallized LLNCM particles 
with smaller particle size compared to the pristine sample (Fig. 6.5). The electron 
diffraction pattern corresponding to Fig. 6.4 (A) is shown in panel B, while the index 
to these diffraction rings is represented in panel C. Accordingly, it could be 
concluded that two phases are composed after the surface treatment, which are 
layered triclinic structure with parameters a = b = 0.284 nm, c = 1.44 nm, beta = 





Fig. 6.4 TEM identification of two phases of SP-30 particles. A. Low magnification 
TEM bright field image. B. Electron diffraction pattern corresponding to Panel A. C. 
Index to electron diffraction rings in Panel B which revealing two kinds of LLNCM 
phases, i.e. layered triclinic structure and spinel cubic structure. D. HRTEM image at 
surface regions shows layered, spinel and layered-spinel intermediate nano-domain 
structures. Fast flourier transformation (FFT) to Panel D is shown in Panel E indexed 
as in Pane J. The parallel zone axis for them are [201] layered and [41ī]spinel. Further 
FFT images for sub-areas as shown in Panel G and H are indexed to Panel I and F, 
respectively. K. Magnification of layered-spinel intermediate zone obtained from 
Panel D compared with the simulated projections of atomic configurations within 





Fig. 6.5 Bright field TEM image of pristine Li(Li0.2Mn0.54Ni0.13Co0.13)O2 particles. 
Furthermore, in view of the surface areas shown in HRTEM image of panel D, the 
original layered, the newly-formed spinel as well as the layered-spinel intermediate 
zone, all within nano-domains of one particle could be easily identified. The fast 
flourier transformation (FFT) to Panel D is shown in Panel E which is indexed as in 
Pane J. The zone axis applied for them are [201]layered and [41ī]spinel. Further FFT 
images with corresponding indexing results for sub-areas are shown in panel G and 
H along with I and F, respectively, which indicates the special relationship among 
these nano-domains, which is that some regions preserve as layered ordering while 
some others transform themselves into spinel ordering, meanwhile the regions in 
between are intermediate zones with both integrated orderings. The point contact 
between the LLNCM particles and carbon spheres after mixing may be responsible 
for such partial transformation. Another interesting observation is that similarity in 




as indicated in Fig. 6.4 (J). In other words, these two phases share a similar two-fold 
symmetry at this parallel orientation, which could be easily identified when 
comparing the HRTEM image and the respective projections of atomic 
configurations in Fig. 6.4 (K). More importantly, it is the first time such similarity in 
symmetry in view of unique orientations between the layered and spinel phases is 
observed, which may introduce the possibility of forming integrated 
LiMn2O4-LiMO2 structure based on structural compatibility for high performance 
cathodes [152]. 
6.4 Electrochemical Properties 
6.4.1 Galvanostatic Charge/Discharge Behaviors 
The first charge/discharge curves during electrochemical cycling of corresponding 
cathode materials are shown in Fig. 6.6. At such a low rate of 50 mA·g-1, the pristine 
LLNCM is able to deliver 260 mAh·g-1 discharge capacity. Surprisingly, the SP-5 
and SP-10 cathodes are capable of providing 311 and 286 mAh·g-1 discharge 
capacities with increased first coulombic efficiencies from 78 % (pristine) to 93.4 % 
(SP-5) and 88.3 % (SP-10). However, both of the discharge capacity and coulombic 
efficiency, i.e. 222 mAh·g-1 and 77.9 % become worse than the pristine one with 
respect to SP-30. The reason could be ascribed to the weight contribution (13.6 %) 





Fig. 6.6 First charge/discharge curves with coulombic efficiency of pristine, SP-5, 
SP-10 and SP-30 cathodes when cycled between 2.0 and 4.8 V at 50 mA·g-1 (0.2 C). 
It is interesting to note from the histogram in Fig. 6.6 that the discharge capacity 
contributions from lower 3.5 V part with respect to SP-5 and SP-10 are higher than 
the pristine counterpart, which is reasonably believed to be associated with more 




 reaction [85]. Correspondingly, the charge capacity 
contributions from higher 4.4 V part in both SP-5 and SP-10 samples are lower than 




phase during the treatment. Combined with the abnormal observation of a new 2.7 V 
plateau in all of the modified samples which is frequently recognized as a signal of 
spinel formation [167, 168, 191], the increased discharge capacity as well as the 
enhanced first coulombic efficiency is reasonably explained by phase transformation 
from Li2MnO3-active to corresponding spinel-active component, leading to a 
shortened 4.5 V plateau but an extended 2.7 V plateau. Besides, a significant shape 
change in discharge curve of SP-30 could be observed because of serious phase 
transformation on both surface and inner particles. The obtained values in 
consideration of the first charge/discharge cycle are also summarized in Table 6.2. 
Table 6.2 First charge/discharge capacities and corresponding coulombic efficiency 
of pristine, SP-5, SP-10 and SP-30 cathodes when cycled between 2.0 and 4.8 V at 
50 mA·g-1 (0.2 C). 






Pristine 332 259 78 
SP-5 333 311 93.4 
SP-10 325 286 88 
SP-30 285 222 77.9 
6.4.2 Cyclic Voltammetry 
The cyclic voltammogram of the materials studied are shown in Fig. 6.7. Fig. 6.7 (e) 
shows the CV profiles of the first cycle of all LLNCM materials before and after 
treatment at a sweep rate of 0.1 mV·s-1. As can be seen, the initial anodic peaks of all 








oxidation states [92, 171], while the intensity apparently varies because of the 
distinction of activated Ni and Co in different types of materials. The second anodic 
peaks located in the potential range between 4.5 and 5.0 V are normally associated 
with the oxygen release process from Li2MnO3-type component. 
 
Fig. 6.7 Cyclic voltammograms of the second to the fifth cycle of (a) pristine, (b) 
SP-5, (c) SP-10, (d) SP-30 and (e) the first cycle. 
Obviously, all the modified materials, i.e. SP-5, SP-10 and SP-30 exhibit shifted 




understood by reduced polarization effect caused by decreased internal resistance at 
a certain delithiated state of modified surface. During cathodic reactions in the first 
cycle, two broad peaks respectively located at around 4.3 and 3.2 V are reasonably 






 (marked as ×) in layered 
component [118], while another cathodic peak observed only in SP-5, SP-10 and 
SP-30 at around 2.7 V (marked as *) is believed to be due to insertion of Li 
accompanied with Mn
4+
 reduction in surface spinel component [99]. It suggests that 
such transformed surface spinels are able to be further lithiated when proper 
potential is applied, implying the possibility of LiMn2O4-type spinel formation rather 
than Li4Mn5O12-type. Figs. 6.7 (a), (b), (c) and (d) respectively show the CV 
diagrams of the pristine, SP-5, SP-10 and SP-30 cathodes after first activation. A 
similar revolution route relating to CV profiles could be observed when comparing 
the pristine with the modified materials. In detail, several broad peaks at 3.25, 3.9 
and 4.6 V during anodic reactions along with 3.2 and 4.3 V cathodic reactions are 
regarded as a complex electrochemical delithiation/lithiation process from both 
layered-type and transformed-spinel-type lattices. Surprisingly, the totally different 
shapes of CV profiles comparing corresponding anodic/cathodic reactions may 
imply dissimilar mechanisms of Li transportation, which is still not clear at this 
moment [99]. Based on Fig. 6.7, it is also noted that the redox pair within surface 
spinels (marked as *) exhibits increasing intensities from SP-5 to SP-30 through 
SP-10, indicating that the activated amount of formed spinel components is 




6.5 Discussion on Enhanced Rate Capability Led by Phase 
Transformation 
6.5.1 XPS Analysis 
 
Fig. 6.8 XPS spectra for pristine, SP-5, SP-10 and SP-30 as indicated by A, B, C and 
D, respectively. Black solid, blue solid and red dash lines represent original graphs, 





Fig. 6.9 Surface analysis of chemical composition using XPS technique with respect 
to pristine, SP-5, SP-10 and SP-30 samples. 
Fig. 6.8 shows the XPS spetra of Li 1s, Mn 2p, Co 2p and Ni 2p orbital of the 
pristine and modified LLNCM. All curve fittings were based on C 1s (C-C sp2 bond) 
calibration to 284.5 eV. It was found that Ni
2+ 
(854.6 eV) and Co
3+ 
(780.1 eV) 
dominate in all the samples before and after modification implying that the variation 
in valance states due to surface treatment for both Ni and Co is seldom detected. In 




 appearance in Li-rich Li(Li0.2Mn0.54Ni0.13Co0.13)O2 
system is consistent with previous results obtained from similar Li-rich system [151]. 
However, the investigation on Mn 2p spectra exhibits an apparent compositional 
change balanced between Mn
3+ 
(641.8 eV) and Mn
4+ 
(642.9 eV), indicating that the 
amount of Mn
3+
 increases with increase in Super P (from 5 wt.% to 30 wt.%). More 
evidence of Mn
3+
 domination could be found in Mn 3p spectra close to Li 1s spectra. 
Again, the ratio of Mn
3+ 
(49.6 eV) relative to Mn
4+ 
(50.4 eV) increases with the raise 




the main constituent in the pristine LLNCM [67, 151], while the decrease in average 
valence state of Mn after surface treatment is reasonably associated with 
rearrangement of electron configuration in the modified structure, implying that the 
surface structure may transform themselves. Another interesting observation is the 
variation of peak density of Li 1s orbital. As can be seen, it is moderately reduced to 
a lower intensity from the pristine sample to the SP-30 one. To indentify this effect 
more clearly, the chemical composition analysis using XPS was conducted and the 
results are shown in Fig. 6.9. It was found that the compositional ratio of Li relative 
to the sum of all transition metals (TM = Mn + Ni + Co) decreases from 1.02 of 
pristine to 0.83, 0.82 and 0.4 respective to SP-5, SP-10 and SP-30. According to a 
basic concept that the ratios of Li : TM (x) in Li-rich layered and spinel structures 
are respectively based on the ranges of x > 1 and 1/2 < x < 1, it is reasonable to 
deduce the spinel transformation on the surfaces of particles led by Super P surface 
treatment. 
6.5.2 Analysis Based on TEM-EDS 
More evidence on the compositional variation of transition metals due to surface 
treatment could be found even at a nano scale. As detected by TEM-EDX using spot 
analysis, Fig. 6.10 shows a comparison between different nano-scaled regions on an 
as-prepared SP-30 particle to indicate the compositional changes through the surface 





Fig. 6.10 Typical TEM image of a SP-30 particle along with 6-spots EDS analysis 
results with respect to Mn, Ni, Co and O represented by atomic ratios among them. 
The red dots circle the adjacent C spheres close to this particle. 
Note that the electron beam for elemental analysis could be focused to a quite small 
region with less than 10 nm diameter and the detection mode is transmitted. 
Therefore, the obtained values of relative composition of each transition metal are 
convincing and comparable. As shown in Fig. 6.10, the relative content comparing 
Ni to Co has almost no change with consideration of inner particle regions 2, 3, and 
4, which is consistent with the original design Li1.2Mn0.54Ni0.13Co0.13O2. However, 
the Ni content relative to Co is reducing on surface spot 1, further vanishing away in 
other surface spots 5 and 6. It is important to note that all the surface spots 1, 5 and 6 
were chosen at the adherent locations between this particle and adjacent carbon 




deduce that such variation in transition metals of particular Ni and Co is caused by 
the influence from adhesional carbon spheres, which could be taken as a supportive 
evidence of cation rearrangement during treatment. Due to the resolution limitation 
of such technique, it is hard to conclude the accurate chemical composition of the 
transformed phases on the surface. 
6.5.3 Cycling Performance and Enhanced Rate Capability 
 
Fig. 6.11 Cycle performance and rate capability of pristine, SP-5, SP-10 and SP-30 
cathodes at different testing conditions: (a) 0.2 C, (b) at incremental C rates of 0.2, 1, 
2, 5, 10 and 20 C (same current densities for charge/discharge) and (c) 10 C charge 
and 1 C discharge after an initial 0.05 C forming cycle. All half batteries were cycled 





Fig. 6.12 10 C-charge/1 C-discharge curves after an initial forming cycle of both 
pristine and SP-5 cathodes cycled between 2.0 and 4.8 V where 1 C corresponds to 
250 mA·g-1. 
Fig. 6.11 shows the cycle performance and rate capability of the LLNCM cathodes 
before and after modification. At a low rate of 0.2 C, both SP-5 and SP-10 exhibit a 
remarkable improvement in the ability of capacity retention compared to the pristine 
LLNCM, even though an initial capacity loss caused by structural evolution during 
first 10 cycles is still inevitable, as shown in Fig. 6.11 (a). We propose that such 
improvement could be due to a protection effect from HF attack during cycling 
induced by remained residual carbon on particle surfaces after modification. 
However, in the case of SP-30, a dominant factor switches while the serious spinel 




particles which may further sacrifice the structural stability during cycling. Fig. 6.11 
(b) shows a continuous cycling result at various rates from 0.2 C to 20 C then 
recovering back to 0.2 C. As can be seen, the rate capability for both SP-5 and SP-10 
has been enhanced before 20 C compared to the pristine one while SP-30 is the best 
at 20 C. Such contrasting observation might be related to the higher diffusion 
capability of spinel-like phase than layered phase at an extremely high rate. To 
investigate the fast-charging ability without the impacts from fast discharging, tests 
based on 10 C charge but 1 C discharge after an initial 0.05 C forming cycle were 
conducted on both pristine and SP-5 cathodes (Fig. 6.11 (c)). Surprisingly, SP-5 is 
capable of delivering almost 200 mAh·g-1 charge capacity and then stabilizing at 
around 150 mAh·g-1 at such an extremely high rate while the pristine one only 
provides no more than 100 mAh·g-1 firstly and then stabilizing at around 75 mAh·g-1. 
Such significant enhancement in rate capability is reasonably assumed due to two 
reasons: one of which is the fast diffusion channels of Li provided by surface spinels 
compared to the traditional layered surface; the other reason may be the coherent 
interaction induced by high temperature annealing between modified LLNCM 
particle and remained Super P particle to build better electron conduction network. 
The charge/discharge curves with respect to Fig. 6.11 (c) are shown in Fig. 6.12. It is 
important to note that the starting points of all charge curves at 10 C for SP-5 are 
around 3.0V which means the spinel phase is still capable of contributing to fast ion 
flow, leading to lower polarization effects at surface. In contrast, these starting points 




polarization induced by unmodified surface. 
6.5.4 Analysis Based on Discharge Curves and dQ/dV 
 
Fig. 6.13 Discharge profiles with corresponding dQ/dV plots of pristine, SP-5, SP-10 
and SP-30 materials. All batteries were cycled between 2.0 and 4.8 V at 50 mA·g-1 
rate, 3.5 V is recognized as a knee point of different plateaus, and dash circles 
indicate the evolution process of surface spinels upon cycling. 
To investigate the structural evolution of specific phases in pristine and modified 
cathode materials, discharge profiles in 0.2 C cycling tests as well as the 













 are shown in Fig. 6.13. The first observation from discharge profiles is that 








, indicating a spinel transformation throughout 
particles during deep cycling since one discharge plateau gradually transforms itself 
into two separated by the knee potential of 3.5 V [97, 171]. It implies that the surface 
treatment through Super P in the present study may not help to suspend such phase 
transformation initiated by thermodynamic instability in the Li-rich group of layered 
materials. Another interesting observation from the discharge profiles is the 2.7 V 













),. This may be 
explained by transition metals migration and induced lattice rearrangement as a 
result of interaction between surface regions and inner particle during cycling [95, 
214]. dQ/dV plots of the pristine sample clearly show three individual reduction 
processes during discharge, i.e. Re1 related to Li occupation within tetrahedral sites 
according to theoretical and NMR studies [118], Re2 related to Li occupation within 
octahedral sites accompanied with Ni/Co redox, and Re3 related to Li occupation 
within octahedral sites associated with Mn redox. As clearly shown by the dash 
arrows, Re1 and Re2 contributions to discharge capacity are gradually decreasing 
upon cycling while the contribution due to Re3 redox increases step by step, even 
though moving towards lower potentials as a result of transformation from layered 
structure to spinel-like structure. It is important to note that a similar structural 
evolution process in relation to Re1, Re2 and Re3 in SP-5 and SP-10 materials also 
take place but with variations in redox intensities. In contrast, the intensity of Re3 








 redox in corresponding structure in SP-5 and SP-10 has more 
contribution in capacity than the pristine one does. At the same time, the Re4 redox 
related to surface spinels is gradually vanishing in all the modified materials which 
is consistent with the observation from discharge profiles. Regarding SP-30, because 
of the significant transformation effect led by Super P treatment, the overlapping 
between Re3 and Re4 redox makes it hard to identify them from each other, while 
they apparently merge into each other at the end of 80 cycles. The plot of dQ/dV for 
80 cycles comparing all the samples show that they are quite similar, indicating that 
both modified and pristine structures tend to reach a similar final member as a result 
of intrinsic thermodynamic force led by vacancies and defects. 
6.5.5 Analysis Based on EIS 
 







 cycles at a same state of discharge (3.5V). The equivalent circuit used for 
spectra fitting is also shown. 
Fig. 6.14 compares the EIS spectra of the pristine and the modified SP-5 samples at 










An equivalent circuit [209] was applied to fit the raw data from EIS measurements to 
obtain the accurate values of different resistances. In this equivalent circuit, RΩ 
refers to the uncompensated ohmic resistance, Rs is the resistance of Li diffusion at 
surface layer (including SEI and modified layers), Rct represents the charge transfer 
resistance and Zw is the Warburg impedance to describe Li diffusion in the bulk 
regions of material. In the present study, both Rs and Rct resistances upon cycling are 
under consideration since they reflect the surface features.   
Table 6.3 Fitting values of Rs and Rct of pristine and modified SP-5 materials at 








 Pristine SP-5 Pristine SP-5 Pristine SP-5 
Rs (ohm) 590 41 215 45 352 89 
Rct (ohm) 410 94 122 42 268 70 
As summarized in Table 6.3, the SP-5 sample always reveals much lower values 
compared to those of unmodified samples which can be ascribed to three reasons: (a) 
the surface spinels possesses 3-D channels for Li diffusion while the layered surface 
only has 2-D; (b) the surface treatment also leads to a collapse of Ni segregation 
which could arouse negative effects on fast transportation of Li between terminated 
surfaces and the bulk [100], as supported by Fig. 6.10; (c) the enhanced contact 
between the remained Super P spheres and particle surfaces (as shown in Fig. 6.4 
and Fig. 6.10) may provide better surface conductivity leading to significantly 




from electrochemical testing. 
6.6 Summary 
In conclusion, to obtain both improved first coloumbic efficiency and fast charging 
ability of Li(Li0.2Mn0.54Ni0.13Co0.13)O2 cathode material while retaining the high 
specific capacity of such Li-rich layered group of materials, a simple strategy of 
surface treatment led by Super P (carbon black) was introduced in this work. The 
modified SP-5 cathode material is not only capable of delivering as high as 200 
mAh·g-1 charge capacity at an extremely high rate of 10 C (2500 mA·g-1), but also 
improves the first coloumbic efficiency from 78 % to 93.4 % at C/20. According to 
HRTEM, TEM-EDS, XPS and EIS results, such improvements in electrochemical 
performance could be explained by surface transformation from original 
Li2MnO3-type to spinel-type structure due to the interaction between particle 
surfaces and carbon spheres during post annealing process. The structural 
compatibility between layered and transformed spinels in view of unique 
orientations ([201]layered and [41ī]spinel) not only explains the consecutive diffusion 
channels of Li, but also introduces the possibility of forming layered-spinel 
LiMO2-LiMn2O4 integrated cathodes. More importantly, this is the first time such 
unique phenomenon is reported that besides acid environment which could lead to 
leaching of Li and subsequent phase transition in layered materials, the carbon is 
also able to transform Li2MnO3-type of cathode materials, which might be 
understood by providing reductive environment on Mn
4+




The facility and effectiveness make this modification strategy promising at industrial 





CHAPTER 7. SURFACE COATING OF 
CARBON ON LI-RICH LAYERED CATHODES 
7.1 Motivation of the Modification Strategy 
As discussed in chapter 5 and chapter 6, carbon sources provided by graphene or 
carbon black on particle surfaces of Li-rich layered cathodes is believed to result in 
surface transformation from layered structure to spinel-like structure. Due to the 
possible reduction effects caused by carbon coating, only a few studies have been 
reported on carbon coating in such Li-rich layered systems [133], even though 
carbon coating has always been regarded as the most effective way to enhance 
olivine systems. Therefore, the present investigation intends to develop a facile way 
to achieve carbon coating layers on Li(Li0.2Mn0.54Ni0.13Co0.13)O2 particles to improve 
electrochemical performance. The interesting observation of spinel formation on 
particle surfaces led by carbon layers after post annealing process is also discussed in 
this chapter. 
7.2 Material Preparation 
The pristine Li-rich compound Li(Li0.2Mn0.54Ni0.13Co0.13)O2 (LLNCM) was 
synthesized by a sol-gel method assisted with a spray-drying machine (YC-015, 
Shanghai Politech Instrument & Equipment Co. Ltd). The carbon precursor was 




NaOH aqueous solution (0.1 M) and 2.8 ml formalin solution were mixed and stirred 
at 70 
o
C for 30 min. Then, 15 ml deionized water containing triblock Pluronic F127 
(1.28 g) was added. 2 h later, 50 ml deionized water was added followed by reaction 
for 20h. The mixture was diluted 4 times before obtaining a pink solution. 300 mg 
LLNCM and 25 mL pink solution were mixed together by stirring for 1 h. To obtain 
the carbon coated LLNCM, the mixture was transferred into an autoclave then 
heating at 130°C for 3 h or 15 h, which are assigned to be C-3 or C-15. The obtained 
powders were then post annealed at 350 °C for 2 h in air with both heating and 
cooling rates at 5 °C·min-1. The corresponding products after post annealing were 
respectively named as C-3-H and C-15-H. 
7.3 Crystallographic Characterizations 
 
Fig. 7.1 XRD patterns of the pristine, carbon coated (C-3, C-15) and post annealed 




Fig. 7.1 shows the comparison of X-ray diffraction patterns of the pristine and the 
surface modified Li(Li0.2Mn0.54Ni0.13Co0.13)O2 powders. All the strong peaks in the 
patterns could be easily indexed to a rhombohedral layered phase (subscript of R) 
with R-3m space group. Besides these signal reflection peaks, several weak peaks in 
the range of 20 - 23° are consistent with a super-ordering structure among Li and 
transition metals (Mn, Ni and Co) in the transition metal layers of Li2MnO3-like 
monoclinic phase (subscript of M) [60]. Apparently, no impurity phase could be 
observed either in carbon coated samples (C-3 and C-15) or post annealed ones 
(C-3-H and C-15-H). However, the intensity of the super-ordering peaks (020)M and 
(110)M obviously decreases after carbon coating and post annealing, suggesting that 
the modification process may affect the local ordering of Li2MnO3-like phases in 
crystal lattice in addition to the influence of carbon coating itself. Furthermore, the 
(003)R/(001)M and (101)R/(-201)M peaks become broader and shifted to higher 
degree in the modified samples compared with the peaks in the pristine one, which 
may imply lattice a shrink in c - direction after modification [191], which is 
consistent with the trend observed from acid-treated Li-rich layered cathodes. Two 
humps related to spinel-like ordering phase located at higher 18.7° and lower 36.9° 
could be identified in selective XRD patterns in Fig. 7.1 [167]. Based on the above 
two observations, the lowering intensity of super-ordering peaks and the arising 
intensity of spinel-like peaks, it is likely that the surface coating of carbon leads to a 





Fig. 7.2 SEM images of the pristine, carbon coated (C-3, C-15) and post annealed 
(C-3-H, C-15-H) LLNCM particles. Arrows indicate carbon spheres in the C-15 
sample. 
Fig. 7.2 compares the SEM images of the pristine, carbon coated (C-3, C-15) and 
post annealed (C-3-H, C-15-H) particle morphologies. The uniform distribution of 
particle size of about 100 to 200 nm with facets could be observed in the pristine 
sample, while the particles tend to aggregate and grow in size without clear facet 
after coating process in the hydrothermal condition, as seen in both C-3 and C-15 
samples. The increase in particle size is caused by hydrothermal reaction, and might 





Fig. 7.3 Bright field TEM images of C-3 and C-15 samples where sample of C-3 
reveals nano carbon layers of 3 nm thickness on LLNCM particles, while C-15 
exhibits carbon spheres around a LLNCM particle instead of coating layers. 
 
Fig. 7.4 Carbon, nickel, cobalt, and manganese elemental mapping using a STEM on 





TEM image shows carbon layer of thickness about 3 nm evenly coated on the 
particles (Fig. 7.3). Elemental mappings of C-3 particle reveal uniform distribution 
of C, Mn, Ni and Co (Fig. 7.4) after carbon coating. Similarly but not equally, with 
the increase in reaction time from 3 h to 15 h, part of carbon layers of C-15 sample 
tend to grow into carbon spheres (Fig. 7.2) which was also confirmed in bright field 
TEM image (Fig. 7.3), in which the more transparent spheres around a LLNCM 
particle represent the carbon spheres. 
 
Fig. 7.5 TGA plots of the C-3 and C-15 samples. 
According to TGA results (Fig. 7.5), the carbon contents in C-3 and C-15 are 
approximately 6.3 wt.% and 6.6 wt.%, respectively. A sudden loss of weight from 
150 to 300 °C was caused by lose in functional groups on these synthesized carbon. 
After a post annealing process, the particle morphologies of C-3-H and C-15-H 
samples barely change although the average particle sizes are apparently reduced 





Fig. 7.6 Bright field TEM images of the pristine, C-3-H and C-15-H samples. 
Moreover, the corresponding TEM images of both C-3-H and C-15-H samples (Fig. 
7.6) exhibit non-uniform transparency in form of nano-domains, compared to 
dissimilar characters in transparency of pristine sample (Fig. 7.6). It may imply local 
disorder or rearrangement of original layered structure as a result of surface 
treatment, which is highly related to local spinel-like transformation. 
HRTEM characterization of the C-15-H sample is shown in Fig. 7.7. Fig. 7.7 (a) 
reveals general appearance of the particles with electron diffraction pattern (EDP) 
and diffraction indexing in Figs. 7.7 (b) and (c). Two sets of diffraction can be 
indexed, layered triclinic structure and spinel cubic structure as confirmed. Fig. 7.7 
(d) shows HRTEM on the surface of a particle. Further FFT images for sub areas as 
shown in Figs. 7.7 (e) and (f) reveal the spatial relationship between these two 




enclosed by spinel domains which are terminated on the surface of the particle. The 
zone axis with respect to two phases are [1ī1]layered and [110]spinel.  
 
Fig. 7.7 TEM identification of C-15-H sample: (a) low magnification TEM bright 
field image of modified LLNCM particles, (b) electron diffraction pattern (EDP) 
corresponding to (a), (c) index of electron diffraction rings of (b), revealing two 
types of phases i.e., layered triclinic structure and spinel cubic structure, (d) HRTEM 
image showing surface regions of the particle composed of mixed spinel and layered 
structures inside, (e) and (f) Fast Fourier Transforms (FFT) to sub areas in (d) with 
indexes shown in (h) and (i), (g) FFT to (d) with two-phase index shown in (j). Zone 
axis with respect to two phases are [1ī1]layered and [110]spinel. Green dash lines in (d) 
highlight the layered domain enclosed by the spinel domain. 
The transformation on the surface regions is believed to be induced during the 
hydrothermal processing where presence of carbon coating increases the acidity of 




pressure. The final annealing may further assist phase transformation and 
aggregation of carbon. On the other hand, the further reduced carbon layers ascribed 
to the heat treatment could be partially sustained on particle surfaces, as confirmed 
by both TGA results (Fig. 7.5) and TEM image (Fig. 7.8). 
 
Fig. 7.8 HRTEM image of C-15-H sample, indicating further reduced carbon layers 
on particle surface with about 2 nm thickness. 
 
Fig. 7.9 Schematic illustrations of the formation process: (a) mixture of pristine 
particles and polymeric solution before hydrothermal process, (b) carbon coating 
with functional groups during hydrothermal processing, and (c) formation of carbon 
coating and surface transformation. 
Based on the above observations and the synthesis procedures, the mechanisms of 




(C-15-H) may be schematically illustrated in Fig. 7.9. 
7.4 Electrochemical Properties 
Fig. 7.10 compares the first cycle charge/discharge curves at a current density of 50  
mA·g-1 and the corresponding dQ/dV plots of all the samples. The charge/discharge 
capacities as well as the coulombic efficiencies are tabulated in Table 7.1. The 
pristine LLNCM delivered a charge capacity of 300 mAh·g-1 and discharge capacity 
of 253 mAh·g-1 with 84 % efficiency, while these values were drastically reduced for 
C-3 and C-15 samples. It is noted that the coated layers of carbon or spheres are of 
poor electronic conductivity due to their poor carbonization feature, as also 
suggested by the following XPS C 1s and O 1s results. 
Table 7.1 First charge/discharge capacities and corresponding coulombic efficiency 
of pristine, C-3, C-15, C-3-H and C-15-H cathodes cycled in a voltage window of 








Pristine 300 253 84.3 
C-3 188 116 61.7 
C-15 199 142 71.4 
C-3-H 272 263 96.7 






Fig. 7.10 First charge/discharge curves with corresponding dQ/dV plots of the 
pristine, C-3, C-15, C-3-H and C-15-H cathodes tested at current density of 50 
mA·g-1, 2.0 - 4.8V at room temperature. 
For both C-3-H and C-15-H samples, although the first charge capacities were 
reduced, the corresponding discharge capacities were improved to 263 and 264 
mAh·g-1 compared to the pristine one. As a result, the first coulombic efficiencies 
were enhanced to 96.7 and 96.4 %, respectively. These improvements after post 
annealing could be ascribed to two reasons: formation of spinel by consuming the 
Li2MnO3-like component which is confirmed by the reduced 4.5 V charge plateau 
but elongated 2.7 V discharge plateau, and the well carbonized layers or spheres as a 




deintercalation/intercalation profiles of Li rich layered structure [92], the typical 
electrochemical profile has apparently been changed after modification (samples C-3, 





 to higher states related to 4.1 V peak (O1), followed by a 
redox-like peak at about 4.6 V which is commonly recognized due to oxygen release. 
Both of the two peaks are clearly shifted to higher potentials after coating (C-3, C-15) 
due to polarization effects from coating layers, but shifted back to positions 
comparable to the pristine one after further heating process (C-3-H, C-15-H). In a 
typical discharge process of the pristine sample, three reduction peaks noted as R1, 
R2 and R3 were observed. The origin of R1 is still unclear at present [171], while R2 













 redox in a layered structure, 
respectively. The only peaks appeared in C-3-H and C-15-H samples are R4 and R5 




 redox in a layered-spinel-mixed complex structure and 
in a surface-formed spinel structure [99]. It is worth pointing out that 1) R3 
contributions in C-3 and C-15 samples are significantly reduced compared to the 
pristine one, suggesting a less activation of Li2MnO3-like component which is 
responsible for reduced discharge capacities, and 2) the existence of only R4 and R5 
peaks confirms the phase transformation after the heating process, which not only 
took place at surface regions but also possibly initiated in bulk regions because of 
the significant contributions to the capacity. Although XRD and XPS results imply 




of R4 and R5 peaks still argues that the leaching of Li incorporated with 
rearrangement of electronic configuration related to Mn may have occurred but the 
local structure sustained to be in the form of layer before the subsequent heating 
process. 
7.5 Discussion on Enhanced Cyclability and Rate Capability 
7.5.1 XPS Analysis 
 
Fig. 7.11 XPS spectra for pristine, C-3 and C-3-H samples as indicated by A, B and 
C, respectively. Black solid, blue solid and red dash lines represent original graphs, 




XPS was applied to investigate the solid-state chemistry of the particle surfaces of 
all the pristine and modified C-3, C-3-H samples. Spectra of C 1s, O 1s, Li 1s, Mn 
2p, Ni, 2p and Co 2p orbital are shown in Fig. 7.11. All curve fittings were 
performed based on the binding energy of C 1s (C-C sp2 bond) at 284.5 eV. As 
shown in C 1s spectra, several peaks corresponding to 284.5, 285.5 and 287.6 eV 
could be recognized as C-C, C-OH and C=O respectively [216, 217]. The higher 
intensities of both C-OH and C=O peaks in C-3 sample indicate the presence of 
functional oxygen groups in the surface carbon layers rather than highly-carbonized 
layers after coating process. However, these functional groups partially decompose 
after the post annealing process because the intensities drastically decrease in the 
C-3-H sample. A similar trend is also observed in the O 1s spectra. In fact, the 
characteristics of functional groups at the surface significantly affect the 
electrochemical performance, in particular the cyclability. On the other hand, the 
surface modification has less effects on variations of valence states of both Ni and 










 (781.1 eV) at the synthesized state. It is interesting to note that the 
valence state of Mn substantially varies as a result of carbon coating and post 
annealing, as seen from both Mn 2p and Mn 3p (close to Li 1s) spectra. Mn
4+
 with 
respect to 642.9 eV peak is the major constitute in the pristine sample, while the 
majority switches to Mn
3+
 in both the C-3 and C-3-H samples. The decrease in 




electronic configuration related to the Mn at surface regions. Also suggested in 
HRTEM results in Fig. 7.7, it is likely to deduce that the transformed spinel is 
LiMn2O4-like cubic spinel, despite the accurate chemical composition in local 
structure can hardly be detected.  
Table 7.2 Surface chemical compositions of the pristine, C-3 and C-3-H samples 




Mn Ni Co Total 
Pristine 1.02 0.54 0.22 0.22 0.98 2.8 
C-3 0.35 0.91 0.45 0.30 1.65 5.9 
C-3-H 0.84 0.84 0.18 0.13 1.15 2.6 
The statistical feature of the chemical compositions at surface regions of particle 
could be confirmed by XPS. As shown in Table 7.2, two important observations can 
be summarized: 1) compositional ratio of Li relative to a sum of TM ions has been 
reduced from 1.04 of the pristine to 0.21 of C-3 and to 0.73 of C-3-H, and 2) the 
relative contents of Ni, Co and Mn also vary. It is important to note that although the 
above data imply spinel formation in C-3 sample, a subsequent heat treatment is still 





7.5.2 Enhanced Cyclability and Rate Capability 
 
Fig. 7.12 Cycle performance and rate capability of pristine, C-3, C-15, C-3-H and 
C-15-H cathodes at different testing conditions: (a) 0.2 C, (b) at incremental C rates 
of 0.2, 1, 2, 5, 10 and 20 C (same current densities for charge/discharge), where 1 C 
stands for 250 mAh·g-1. 
Fig. 7.12 shows the cycle performance and rate capability of all the samples. At 0.2 
C (Fig. 7.12 (a)), the pristine LLNCM is able to provide 112 mAh·g-1 discharge 
capacity after 100 cycles with 44 % capacity retention. However, the capacity 
retention of both C-3 and C-15 samples has been significantly improved to 92 % and 
91 %, respectively. Another interesting observation is the evolution process of both 
C-3 and C-15 samples during first 8 cycles, where a continuous activation of 




the apparent functional oxygen groups in surface carbon layers may slow down the 
kinetics of the related activation of Li2MnO3. However, it could be further 
electrochemically reduced to be more conductive carbon layers by gradual formation 
of Li2O during Li intercalation and deintercalation [206, 218]. The further reduced 
carbon layers not only facilitate the activation of Li2MnO3, but also act as protection 
layers to avoid thick formation of SEI layers and dissolution of transition metals due 
to HF attacking [219-221]. In fact, after the initial activation, C-3 and C-15 materials 
are capable of delivering enhanced capacities, i.e. 42 and 54 mAh·g-1 at a high rate 
of 20 C compared with only 13 mAh·g-1 for the pristine as shown in Fig. 7.12 (b). 
On the other hand, the post annealed samples C-3-H and C-15-H possess not only 
similar initial capacities compared to the pristine one, but also the enhanced ability 
of capacity retention, i.e. 70 % and 68 %, respectively. This suggests that the 
sustained carbon layers at particle surfaces after post annealing are still able to 
function as protection layers. Furthermore, more than 100 mAh·g-1 capacity could be 
achieved at 10 C from both samples, which might be ascribed to increased extrinsic 
conductivity of carbon coating as well as the transformed surface spinels providing 
fast diffusion channels of Li [222, 223].  
7.5.3 Analysis Based on Discharge Curves and dQ/dV 
To better understand the structural evolution process upon cycling, Fig. 7.13 






Fig. 7.13 Charge/discharge curves with corresponding dQ/dV plots at different 
stages of cycling, i.e. 2nd, 5th, 10th, 30th, 50th, 70th and 100th. All samples were 
tested at 0.2 C in a voltage window of 2.0 - 4.8 V at room temperature. 
As widely accepted, the family of Li-rich layered cathodes is inevitable to be 




deintercaltion/intercalation of Li [89, 97, 224]. The pristine material underwent 
phase transformation in the first 100 cycles. All the other cathodes after surface 
modification exhibit similar behaviors, indicating that neither surface coating of 
carbon nor subsequent heat treatment could contribute to suppress this structural 
evolution process, as also indicated by arrows in dQ/dV plots. As a matter of fact, 
the transformation to spinel is likely to be enhanced in both C-3-H and C-15-H 
samples because of presence of spinel nuclear before cycling. From the 
charge/discharge curves, the gradual increase in capacity contribution under 3.5 V in 





involved, which is a straightforward consequence of gradually-activated Li2MnO3. It 
is also supported by an obvious peak in dQ/dV plot at 2
nd
 cycle. 
Besides these observations, it is worth indicating two interesting phenomena 
observed from the dQ/dV plots. First, the peaks related to the initially-formed spinels 
at 2.9 V (charge) and 2.75 V (discharge) tend to vanish and merge into the main 
contribution peaks in C-3-H and C-15-H, as labeled by ♦. Surprisingly, the tendency 
of this redox is opposite in both C-3 and C-15 samples, suggesting a different 
process of forming highly-ordered spinels at surfaces during cycling. Because the 
coating process actually induces leaching of Li and valence state variation of Mn, 
but preserves the local structure in layered form with vacancies inside. Li 
extraction/reinsertion may further enable diffusion and subsequent rearrangement of 
transition metals to be transformed. A similar behavior is also observed in the 




domains rather than the only formation of layered-spinel-mixed domains. Second, 
the main contribution peaks after 100 cycles in all the samples, as labeled by *, are 
unequal in shapes or covered areas, which may suggest totally different mechanisms 
in response to electrochemical insertion/extraction of Li [99].  
7.6 Summary 
In conclusion, a carbon coating on Li(Li0.2Mn0.54Ni0.13Co0.13)O2 has been realized by 
a hydrothermal approach. The carbon coated Li(Li0.2Mn0.54Ni0.13Co0.13)O2 cathode 
material exhibits enhanced cyclability with discharge capacity 182 mAh·g-1 
corresponding to 92 % capacity retention after 100 cycles at 0.2 C. After post 
annealing of the carbon coated material, increased conductivity of the carbon layers 
together with formation of spinels at surface regions lead to enhanced rate capability 
as well as acceptable cycle performance, i.e. 100 mAh·g-1 at 10 C rate and 70 % 
capacity retention compared with 50 mAh·g-1 and 44 % for the pristine material. 
XRD, HRTEM, XPS and electrochemical testing confirm the formation of spinel 
domains initiated from Li2MnO3-like component, accompanied with variation of 
valence state of Mn after this surface modification. More importantly, this work 
provides convincing evidences to support the prospective that the surface characters 
of the Li-rich layered cathodes are quite sensitive to impact electrochemical 




CHAPTER 8. CONCLUSIONS AND 
RECOMMENDATIONS 
8.1 Conclusions 
As a promising candidate for next-generation Li-ion batteries, Li-rich layered 
cathodes show advantages of high specific capacity and high energy density. 
However, this family of cathodes still suffers from several technical issues, such as 
first cycle irreversible capacity loss, voltage decay during electrochemical cycling 
and poor rate capability. To address these critical issues, a typical Li-rich 
Li(Li0.2Mn0.54Ni0.13Co0.13)O2 (LLNCM) cathode was chosen to study its performance 
and possible modifications. Through systematic studies in crystal structure and 
electrochemical behaviors, it was found that the voltage decay is associated with a 
phase transformation from layered to spinel, which is inevitable in the local structure 
during electrochemical cycling. Contrary to a general awareness about negative 
effects on energy retention as a result of spinel transformation, for the first time the 
positive impacts on rate capability in this type of materials are proposed. 
Furthermore, enlightened from these recognitions of spinel transformation, a series 
of modified LLNCM with surface spinels, which are initially formed during 
synthesis has been prepared by means of wrapping graphene, treatment of carbon 
black and coating with nano carbon-layers. The function of carbon might be 
understood by providing reductive environment on Mn
4+




It is also worthy to point out that this strategy of using carbon to initiate 
surface-spinel formation is the first time ever to be proposed. As a consequence, all 
of the modified LLNCM exhibit reduced capacity loss in the first cycle and 
significantly enhanced rate capability compared to the pristine one. On the other 
hand, another doping strategy of including chromium on cobalt site in LLNCM 
systems has been proven to effectively suppress such phase transformation to avoid 
energy loss from voltage decay. To the best of knowledge, it is the second strategy 
proposed so far to target at this critical issue in Li-rich layered cathodes. To be 
specific, the contributions of the current research work are summarized as follows: 
1. The particle size of LLNCM prepared by different synthesis methods follows a 
sequence: spray drier assisted sol-gel < hydroxide based co-precipitation < 
carbonate based co-precipitation. As a result, the rate capability mainly affected 
by particle size has a reverse sequence. However, the cycleability of LLNCM 
cathodes is determined by complex factors, for instance specific surface area 
exposed to electrolyte, dissolution of transition metals from crystal structure, 
thickness and stability of SEI layers at particle surface, the degree of crystallinity 
and etc. Therefore, it is hard to conclude which synthesis method would be the 
best in consideration of cycleability performance. 
2. Li(Li0.2-xMn0.54Ni0.13Co0.13-xRux)O2 (x = 0, 0.01, 0.03 and 0.05) cathode materials 
have been synthesized via a traditional coprecipitation method. An appropriate 
amount of Ru in local structure induces an increase in interslab spacing in 




improves the mobility of Li diffusion in both compounds, and consequently 
facilitates phase transformation from layered Li2MnO3 component to certain 
spinel-like regions. In addition, the pristine Li(Li0.2Mn0.54Ni0.13Co0.13)O2 and the 
modified Li(Li0.19Mn0.54Ni0.13Co0.12Ru0.01)O2 Li-rich cathode materials were 
compared in terms of transformation as well as capacity fade mechanisms during 
a long-term cycling. It was found that capacity loss from above 3.5 V is 
significant while that below 3.5 V is negligible. According to electrochemical 
measurements, HRTEM and ex-situ XRD characterisations, transformation from 
a layered structure to a spinel-like and layered mixed structure took place after a 
deep delithiation/lithiation. Besides, the transformed spinel-like nano-domain 
structure behaves quite similarly with formally-studied ion-exchanged LixMnyO2, 
from which it offers a possibility to explain the excellent capacity retention as 
well as good rate capability particularly after completing phase transformation in 
the Ru-doped Li-rich cathode studied. 
3. A simple approach has been used to wrap GO onto LLNCM cathode. XRD, 
Raman, HRTEM and XPS characterizations reveal that the post annealing of GO 
wrapped material leads to a surface transformation of crystals from the original 
layered to spinels, while still retaining reduced GO in the composite structure. 
Electrochemical tests indicate that such surface-treated Li-rich cathode / 
graphene composite materials have high coulombic efficiency of 1
st
 cycle and 
enhanced rate performance. EIS results show that such enhancement could be 




as well as transformed spinels, which facilitate Li diffusion in a unique 
3D-diffusion path in the surface regions. Similarly, a simple strategy of surface 
treatment led by Super P (carbon black) was also introduced. According to 
HRTEM, TEM-EDS, XPS and EIS results, the improvements on electrochemical 
performance could also be explained by surface transformation from original 
Li2MnO3-type to spinel-type structure due to the interaction between particle 
surfaces and carbon spheres during post annealing process. The structural 
compatibility between layered and transformed spinels in view of unique 
orientations ([201]layered and [41ī]spinel) not only explains the consecutive 
diffusion channels of Li, but also introduces the possibility of forming 
layered-spinel LiMO2-LiMn2O4 integrated cathodes. At last, a carbon coating on 
LLNCM has been realized by a hydrothermal approach. After a post annealing 
process applied to the coated material, further reduced carbon layers in addition 
to the transformed spinels at surface regions lead to enhanced rate capability as 
well as acceptable cycle performance. The systematic analysis based on XRD, 
HRTEM, XPS and electrochemical testing confirms the formation of spinel 
domains initiated from Li2MnO3-like component, accompanied with variation of 
valence state of Mn after this surface modification. It seems that all the surface 
treatment strategies had some advantages in improving electrochemical 
properties of LLNCM, among which the carbon black surface treatment would 
be the best in a practical way. Because it led to significantly-enhanced rate 




graphene-based surface treatment consumed the structural stability of crystals to 
a certain extent. Meanwhile, the methodology of carbon black surface treatment 
is quite simple and applicable to all kinds of Li-rich layered cathodes, which 
makes it suitable for large-scale manufacture at an industrial level. 
4. A series of Li(Li0.2Mn0.54Ni0.13Co0.13-xCrx)O2 (x = 0, 0.03, 0.06, 0.10 and 0.13) 
cathode materials has been prepared by a carbonate-assisted coprecipitation 
method. According to XRD, TEM-EDS and XPS results, Cr was found to be 





 coexistence in the layered structure. Most importantly, based on the 
systematic investigations on electrochemical performance along with the ex-situ 
XRD, it was found that the evolution of voltage decay, which is an inevitable 
process undergoing within such layered system, has been effectively suppressed 
at heavy-doping levels, in particular at 0.10 and 0.13. Furthermore, this Cr 
doping strategy is believed to be applicable to other Co-contained Li-rich layered 
systems. It not only minimizes Co contents, but also retains valuable capacity for 
promising cathode materials. 
8.2 Limitations and Recommendations 
1. Although the spinel transformation of Li-rich layered cathode associated with 
voltage decay in electrochemical behavior has been confirmed in this work, 
systematic understandings on the original driving force in view of 




electrochemical cycling and various impacts due to functional transition metals 
(Ni, Co and Mn) in crystal lattice are still missing. Therefore, more works should 
be carried out in view of these points, combining powerful characterization 
techniques such as synchrotron diffraction with advanced theoretical calculations 
like ab-initio calculations. 
2. One of the interesting discoveries in this current work is that besides acid 
environment which could lead to leaching of Li and subsequent phase transition 
in layered materials, the carbon is also able to transform Li2MnO3-type of 
cathode materials. However, the intrinsic reasons for such carbon-led phase 
transformation are still unclear, while the current work may suggest the reduction 
effects of carbon on tetravalent Mn at an increased temperature to be one of the 
possible reasons. Based on this point of view, more works should be carried out 
to fully understand it and to extend it to other members of layered cathodes with 
stoichimetric composition, for example, LiNi1/3Co1/3Mn1/3O2. 
3. Although the surface modification strategies proposed in this work have 
significantly enhanced the rate capability as well as the first coulombic efficiency 
in Li-rich layered cathodes, the surface defected spinels simultaneously consume 
the stability of particle surfaces, leading to negative impacts on SEI layer 
formation. As a consequence, the cyclability in particular of graphene modified 
cathode has been reduced. To this end, a more effective strategy is needed to take 
both aspects into account. 




suppress the voltage decay process to a certain extent. Nevertheless, it is still 
unclear whether it was Cr migration from octahedral to tetrahedral sites or 
formation of Li2CrO4 phase during cycling or other mechanisms that play an 
important role in stabilizing the local structure. More works on finding out the 
intrinsic reasons will lead to a potential approach to achieve better performance 
in Li-rich cathodes without obvious energy loss. 
5. Another interesting question based on dQ/dV observations at a deep cycling state 
has been aroused in Li-rich layered cathodes in which the redox peaks 
corresponding to oxidation and reduction reactions exhibit an asymmetric 
character. This is abnormal for a reversible intercalation/deintercalation reaction, 
suggesting that the electrochemical extraction and reinsertion of Li may occur 
via distinguished mechanisms that is likely to be realized by reversible phase 
transition in local structure. More understandings on these mechanisms may 
enlighten researchers find out new modification strategies or provide new 
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